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With the rapid development in the wind energy industry, there is an increasing 
demand in process and structural health monitoring of wind turbines to 
enhance the fabrication process, minimize premature breakdown, reduce 
maintenance cost and provide remote supervision. However, the limitations of 
traditional sensors and monitoring systems may not meet these challenges 
given the unique structure and working condition of the wind turbines.  Hence, 
the objective of this study is to develop sensors and compatible damage 
detection method suitable for wind turbine monitoring. 
Optical fibre sensors with optical fibre cables, compared to traditional sensor 
systems, provide a more reliable alternative which is less prone to the 
electromagnetic interference and lightning damages commonly experienced in 
wind turbine blades. 
Two types of optical fibre sensors are developed in the current study. The first 
type is an embedded sensor to monitor the curing process of the composite 
wind turbine blades during manufacturing and to monitor the bending 
curvature of the blade during operation. The sensor is constructed by optical 
fibre with cladding partially removed to be sensitive to refractive index change 
of the curing resin and the bending curvature of the cured structure. Both the 
cure monitoring and bend monitoring capabilities were tested experimentally 
and shown to be an effective, low-cost and easy-to-implement system for 
process and bend monitoring for a composite beam. 
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The second type of sensor is an intensity-based bi-axial accelerometer which 
is designed based on the light coupling between a vibrating cantilever fibre 
and two fixed receiving fibres. The design overcomes the limitation of 
previous works which are limited in measuring vibrations in a single known 
direction. Numerical simulation was first performed to obtain the light 
coupling characteristics. The parameters of the accelerometer are designed to 
maximize linearity, enhance sensitivity and minimize errors in calibration. A 
prototype was fabricated and the calibration scheme was proposed and 
validated experimentally. The accelerometer was tested in terms of frequency 
response and linearity with working ranges matching the typical frequency and 
acceleration of wind turbines. The accelerometer was also applied successfully 
for the modal analysis of a beam under wind loading. The latter was used due 
to the inability to obtain an actual model blade. The proposed accelerometer is 
low-cost, light weight and easy-to-implement using a simple instrumentation 
system. 
To apply the developed sensors for structural health monitoring, a frequency-
based method is developed for damage detection in beam structure, utilizing 
modal frequencies from the undamaged and damaged states, as well as the 
analytical mode shapes. Numerical studies demonstrated the effectiveness of 
the method for location and severity identification. The effects of damage size 
and noise level were studied numerically, based on which procedures were 
proposed to predict the effectiveness of the location index and to improve the 
accuracy of severity index. Experimental studies conducted on an aluminium 
beam and a composite beam indicates the suitability of the proposed method to 
detect damage in a vibrating beam under wind excitation.  
xi 
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Chapter 1 Introduction 
 
1.1 Background of research 
1.1.1 Monitoring of wind turbines 
In recent years, oil prices, energy crisis and global warming appear to be 
amongst the more pressing societal issues.  Much attention has been channeled 
on tapping renewable energy from sources such as wind, solar, biomass, and 
hydropower. Among all the renewable energy sources, wind energy ranks 
second only to hydropower. As a relatively matured technology that offers 
competitive cost per unit energy, wind energy research should see rapid 
development in the coming years. 
To increase energy efficiency, manufacturers have continuously improved the 
design of wind turbines. Some new trends in design include increasing its 
physical size, adopting new materials and locating wind farms off-shore. 
While these new developments help wind turbines to achieve higher efficiency, 
they may also increase the operational risks in terms of structural integrity. 
As the size of wind turbines increases to more than 100m in diameter, the 
weight of the blade becomes a design constraint as its dynamic flexural load 
becomes significant during operation (Ashwill, et al., 2007). Composite 
materials are therefore usually used for the blade, such as glass fibre with 
epoxy, glass fibre with polyester, wood with epoxy or carbon fibre with epoxy 
(Mzyk, et al., 2005). Although composite materials have high strength to 
weight ratio compared to its metallic counterparts, the failure modes and 
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fatigue behavior are harder to predict compared to traditional materials such as 
aluminium or steel. 
Due to the limited space and wind capacity on land, wind farms are 
increasingly being built offshore. The new generation of wind turbines are 
designed with floating platforms located in deep waters (Utne, 2010). Offshore 
wind turbines are able to harvest about 90%  more energy than those on land 
(Archer, et al., 2005). However, offshore wind turbines need to be designed to 
withstand harsh environmental conditions such as wind load, wave load and 
sea water corrosion, and thus are more expensive to manufacture, maintain 
and repair (Utne, 2010).  
The cost of wind turbine failure includes not only the replacement of 
components, but also the cost due to downtime, maintenance and overhaul. A 
study shows that wind turbine fails in average 0.4 times per year and the 
downtime in each failure averages 130 hours (Ribrant, et al., 2007). The 
cumulative maintenance and overhaul cost can contribute from 75% to 90% of 
a wind turbine’s investment cost, and is equivalent to 10% to 20% of the total 
cost of electricity produced by the wind turbine (Vachon, 2002). 
With the rapid development of wind turbines, there is an increasing need to 
develop an integrated process monitoring and structural health monitoring 
(SHM) technology to cater for the unique structure and condition of wind 
turbine, in order to ensure component quality, minimize premature breakdown, 
reduce maintenance cost, and provide remote supervision and diagnosis.  
As the wind turbine is a complex structure involving many subsystems, it is 
important to identify potential damage locations and key components in order 
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to propose an effective SHM system. A study on the failure consequences of 
critical components of a wind turbine indicates that blade failure, next to 
gearbox failure, is one of the most costly damages (Andrawus, et al., 2006). 
Turbine blades are key components in the structure, contributing to 15-20% of 
the cost of the whole plant, and blade repair and replacement are expensive. It 
is also one of the components most prone to damage as it is under continuous 
cyclic loading (Larsen, et al., 2003). A small crack in the blade can ultimately 
develop into serious fracture. Moreover, an unbalanced rotating mass due to 
blade damage can cause serious structural damage and even cause the collapse 
of the entire wind turbine structure (Rosenbloom, 2006). Therefore, the wind 
turbine blade has been identified as a key component for implementation of 
SHM system. 
1.1.2 Sensors for wind turbine monitoring 
Sensors are an important part of a monitoring system. The common types of 
sensors used in a SHM system include strain gauges, accelerometers and 
piezoelectric transducers. Due to uniqueness of wind turbines in terms of 
material, environment and operating dynamics, new challenges exist when 
sensors are employed. 
Almost all wind turbines are struck by lightning at least once in its lifetime. 
Records on lightning damage of over 3000 wind turbines suggests that the 
control and monitoring system is most prone to lightning damage (Surtees, et 
al., 2006). Almost all lightning strikes on a wind turbine will first be at the 
rotor blade. SHM systems for blades usually require a network of sensors with 
data transmission cables.  The electronic sensors and electrical cables inside 
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the blade increase the risk of the blade structure and the electrical circuitry 
being struck.  One of the most common failures in wind turbines are related to 
electrical systems, including control system, electrical system and sensors (F. 
Hahn, et al., 2002). As modern wind turbines are designed to be increasingly 
larger and located at remote areas, adopting optical fibre sensors with data 
transmission through optical fibres will greatly improve the reliability and 
robustness of the system. 
Several types of optical fibres have been utilized for SHM purposes, such as 
fibre Bragg gratings (FBG), microbend fibre, Laser Doppler vibrometer, 
optical time-domain reflectometer, and interferometric sensor. These optical 
sensors are able to detect a range of physical quantities such as displacement, 
strain and temperature. However optical sensors are not widely used in wind 
turbine application due to some inherent disadvantages. For example, major 
drawback of the FBG sensor is its high cost of sensor unit and interrogation 
system, while the Laser Doppler vibrometer requires expensive equipment 
which is hardly portable. Hence, for the purpose of wind turbine monitoring, 
there remains room to develop new types of optical sensor which are cost-
effective, light weight and simple to instrument. 
1.1.3 Damage detection techniques for wind turbine monitoring 
Various types of damage detection techniques have been developed for civil 
and mechanical structures. Damage detection techniques can be classified as 
(a) global or local method, according to their detection resolution, and (b) 
model-based and non-model based method, depending on whether an 
analytical model is required.  Several promising techniques for damage 
5 
 
detection in composite beam or wind turbine blade are acoustic emission 
(Joosse, et al., 2002; Sundaresan, et al., 2002), guided Lamb wave (Lemistre, 
et al., 2001; Tua, et al., 2004), thermography (Avdelidis, et al., 2006) and 
modal-based methods (Doebling, et al., 1996). 
To produce a cost effective monitoring system for wind turbine application, 
the current work strives to develop a global method which is easy to 
implement, readily automated and compatible with optical fibre sensors. 
 
1.2 Objectives  
With the above challenges in mind, the objectives of this study are: 
(1) to develop effective monitoring sensors for process and structural health 
monitoring of the wind turbine, customized to the typical material, 
structure, dynamics, and operating conditions for wind turbines. The work 
will explore possibilities of multiple optical sensors due to their unique 
properties and strive to overcome several limitations of traditional sensors. 
The developed sensors should be light-weight, cost-effective and simple to 
instrument to facilitate its use in practice. 
 
(2) to develop an efficient damage detection technique which uses the sensors 
developed for structural health monitoring of the wind turbines. The 
damage detection technique should be able to function without interrupting 
the normal operations of the wind turbines.  In addition, it should require 




1.3 Scope and limitations 
To achieve the objectives, the scope of the research include 
(1) Develop an embedded sensor to monitor the manufacturing process of the 
wind turbine blade, and after the blade has been manufactured, the 
embedded sensors remain functional during operation to further monitor 
the flexure of the blade. 
(2) Develop a optical fibre accelerometer to monitor the vibration of a wind 
turbine blade 
(3) Propose an efficient damage detection technique and evaluate its 
performance using both experimental and numerical simulations. 
Due to practical challenges, the limitations of the research are outlined. 
There are practical difficulties in testing the sensors and damage detection 
algorithm on an actual wind turbine blade.  Firstly, there is no operating wind 
turbine system in Singapore available for experimentation.  Secondly, while it 
is possible to do static test of a single wind turbine blade in the laboratory, it is 
difficult to generate equivalent wind loading in the current laboratory 
environment to simulate real operating condition.  Thirdly, as a city state 
situated near the equator, Singapore rarely experiences the strong winds to be 
able to mimic actual wind turbine operating conditions   
To mitigate these limitations, a wind turbine blade is simulated by a cantilever 
beam which is similar in terms of vibration dynamics. Although actual wind 
turbine blades have twisting modes beside flexural modes, only modal 
frequencies from the flexural modes are considered for the development of the 
damage detection method. Wind loading is simulated in the laboratory using 
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two or more standing fans to provide wind excitation over the entire beam. 
Basic studies have been done to ensure that the rotational speed of the fan has 
no effect on the modal frequency of the beam. 
1.4 Organization of thesis 
The thesis comprises seven chapters. Chapter 2 reviews past literatures on 
sensors with potential application for curing process monitoring and structural 
health monitoring of wind turbines. The advantages of optical fibres for wind 
turbine application are discussed and several types of optical sensors are 
evaluated and compared. The state-of-the-art of the structural health 
monitoring techniques are reviewed for wind turbine applications, with focus 
on vibration-based methods. 
Chapter 3 proposes a dual-functional plastic optical fibre. It is designed to be 
embedded in the composite wind turbine blades and monitor the curing 
condition during manufacturing and monitor the bending curvature during 
operation. Both the cure monitoring and bend monitoring capabilities are 
tested experimentally. 
Chapter 4 presents the proposed design of a bi-axial optical fibre 
accelerometer. Numerical simulations are performed to obtain light coupling 
characteristics.  The results are used to design the sensor parameters with the 
aim to maximize linearity and sensitivity, and minimize errors in calibration. 
Chapter 5 outlines the fabrication and testing of the proposed accelerometer. A 
prototype was fabricated and the dimension, material and specifications of 
light source and photodetector are summarized. The fabricated accelerometers 
are tested in terms of frequency response and linearity with working ranges 
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matching the typical frequency and acceleration of wind turbines. The 
accelerometer is also applied for the modal analysis of a beam under wind 
loading which simulates the typical loading of a wind turbine blade. 
Chapter 6 describes a damage detection method developed to detect location 
and severity of damage in a beam structure. The method requires only 
frequency information from the experiment and can utilize the sensors 
developed in the previous chapters. The method is validated both numerically 
and experimentally and the location and severity identification are found to be 
reasonably accurate. 
The final chapter summarizes the thesis with key findings. Recommendations 
for future research directions are outlined.  
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Chapter 2 Literature Reviews 
 
This chapter provides an overview of the wind turbine structure, the state-of-
the-art of sensor development works for wind turbine monitoring as well as 
various methods of structural health monitoring. 
2.1 Wind turbine structure and failure modes 
Wind turbines can be categorized based on their working principles, namely 
aerodynamic drag or aerodynamic lift. It can also be categorized into either 
horizontal axis or vertical axis wind turbine based on the orientation of the 
axis of rotation. After decades of development and optimization of 
engineering design, the modern wind turbines are predominately of the three-
blade horizontal-axis type and is driven by aerodynamic lift. A typical 
configuration is shown in Figure 2.1. The tower usually measures 60 to 90m in 
height while the blades measures 20 to 40m in length depending on the 
designed power capacity. The blades are designed to rotate at 10 to 22 
revolutions per minute under varying wind speed. During high winds, the 
blades are stopped using with brakes and pitched sideways to avoid power 
surge of the grid and damage to the wind turbine. Hence, typical wind turbines 
operate 70% to 85% of the time due to unsuitable wind speed or down time 





Figure 2.1 Configuration of a typical horizontal axis wind turbine 
("Components of a wind turbine," 2009) 
Wind turbine manufacturers rarely disclose information about failure modes 
and failure statistics, therefore literatures on wind turbine failures are not 
comprehensive. A German study based on 1500 wind turbines over a 15-year 
period shows the data of all mechanical and electrical failures (B. Hahn, et al., 
2007). The majority of the failures occurred in the electrical system (23%), 
control system (18%) and sensors (10%). For mechanical failure, the yaw 
system (8%) and rotor blade (7%) are the two major components most 
susceptible to failures. Another report from a leading insurance provider for 
renewable energy shows that blade damage accounts for 41.4% of all number 
of claims in US in the year 2012 (GCube Insurance, 2012) (See Figure 2.2). A 
study on the failure consequences of critical components of a wind turbine 
indicates that blade failure, after gearbox failure, is the second most costly 
damages (Andrawus, et al., 2006). Although failure statistics vary from 
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different studies, the turbine blade remains as one of the components most 
prone to damage, as it is continuously under cyclic loading (Larsen & 
Sorensen, 2003) and exposed to lightning strikes (Rachidi, et al., 2008). A 
small crack on the blade can develop into a fracture, and potentially evolve in 
complete blade severance. Moreover, an unbalanced rotating mass due to 
blade damage could cause serious structural damage including the collapse of 
the entire wind turbine (Rosenbloom, 2006). Reports of some catastrophic 
incidents (Linowes, 2008; Malnick, et al., 2011; Risø DTU, 2008) put the 
safety of the neighborhood at risk and raised public concern on the safety of 
wind farms. Furthermore, the turbine blades contribute to 15-20% of the cost 
of the whole system, and blade repair and replacement are expensive.  
Therefore, the wind turbine blade has been identified as a key component for 
implementation of SHM system. 
                    
 
Figure 2.2 Most frequent reported wind turbine component damage based on 
insurance claims in US in year 2012 (F. Hahn, et al., 2002) 
To comprehend blade damages, literatures on the blade structure and possible 
failure modes are reviewed. Modern wind turbine blades are mostly made 
12 
 
from glass fibre reinforced plastic (GFRP). As the blade size increases, the 
trend is towards adopting high strength materials such as carbon fibre 
reinforced plastic (CFRP) (Ancona, et al., 2001). The blades are usually 
molded in two halves using resin transfer/infusion molding or pre-preg 
lamination and then bonded together with main spar using epoxy (Schubel, 
2010). A cross section of a blade is shown in Figure 2.3. The types of blade 
damage observed through a full scale blade bending test conducted by the Riso 
National Laboratory are shown in Figure 2.4. Other literatures also report 
several hot spots on the blade which are prone to damage, such as at 30-35% 
and 70% chord length from the blade root, the blade root, maximum chord and 
upper spar cap (Shokrieh, et al., 2006; Sundaresan, et al., 2002). An 
understanding of damage hotspots helps in deciding the strategic locations to 
place the sensors for local damage detection. 
 




Figure 2.4 Types of damage on wind turbine blade test section (Sørensen, et 
al., 2004) 
2.2 Sensor development for wind turbine monitoring 
To ensure the structural integrity of the wind turbine blade, cure sensors can 
be employed to monitor the manufacturing process and SHM system can be 
used to detect damage incurred during operation. Majority of past works 
utilize electrical based sensors with electrical wirings, such as ultrasonic probe 
and thermal couple for curing process monitoring and strain gauges, 
piezoelectric accelerometers and transducers for SHM system. In recent years, 
optical-based sensors have attracted growing research interest for the purpose 
of wind turbine monitoring (A. Turner, 2009; Eum, et al., 2008; Kiddy, 2006), 
due to their advantages of electromagnetic immunity and lightening safety 
compared to their metallic counterparts. 
A major type of optical-based sensors is the optical fibre sensor which uses 
optical fibres as sensing elements. Optical fibre can be categorized into single-
mode and multi-mode based on the mode of light transmission (See Figure 
2.5 ). Single-mode fibres usually have a core diameter of 8 to 10µm, 
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transmitting only a single ray of light. Multi-mode fibres have a larger core 
with diameter usually ranging from 50 to 500µm transmitting multiple modes 
of light. Multimode fibre has mainly two types of refractive index profile. 
Step-index optical fibre has uniform refractive index of the fibre core, while 
graded indexed optical fibre uses a parabolic variation of refractive index in 
the core (See Figure 2.5) to achieve low signal dispersion and low sensitivity 
to bending. 
 
Figure 2.5 Schematics of single-mode optical fibre and multi-mode optical 
fibre with step-index and graded-index 
Optical fibres can also be categorized based on materials, namely plastic 
optical fibre (POF) and glass optical fibre (GOF).  GOF has the advantage of 
low attenuation and has been utilized in long-distance data transmission for 
decades. GOF is also more thermally stable, making it suitable for high 
temperature sensing. Many GOF sensors has been developed and made 









available commercially such as FBG and microstructured optical fibre sensors. 
In recent years, POF which are mostly made from low-cost 
polymethylmethacrylate (PMMA) has attracted growing research interest due 
to several unique properties. Besides being generally cheaper than GOF, POF 
are usually made with larger core size (0.25mm to 1mm in diameter) and 
higher numerical aperture (about 0.47), which is ideal for intensity-based 
sensors (Kuang, et al., 2009). The large diameter also allows easy handling, 
termination and installation without precision tools. In terms of material 
property, POF has lower stiffness hence more sensitive to strain or bending, 
which has been utilized to enhance sensitivity of FBG sensor (Stefani, et al., 
2012). Furthermore, POF has higher fracture toughness and flexibility making 
it attractive for applications in dynamic structures. A review of POF sensors 
development for SHM purposes is summarized by Kuang et. al. (2009). 
Fibre optic sensors can be classified into three major categories based on their 
working principles, namely, phase-modulated, wavelength-modulated and 
intensity-modulated accelerometers, among which the phase-modulated fibre 
Bragg gratings (FBG) sensor and intensity-modulated sensors are the most 
popular. Several types of optical fibres have been utilized for SHM purposes, 
such as fibre Bragg gratings, intensity-based optical fibre, microbend fibre, 
polarimetric sensor, and interferometric sensor. These optical sensors are able 
to detect a range of physical quantities such as displacement, strain and 
temperature. Some examples of damage detection on composite structures 
including delamination (Elvin, et al., 1997), impact damage (Martin, et al., 
1997; Shin, et al., 2010), crack propagation (McKenzie, et al., 2000), 
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transverse crack (Okabe, et al., 2000) and fatigue induced damage (D. C. Lee, 
et al., 2001). 
2.2.1 Sensors for structural health monitoring 
Given the unique structure, dynamics and operating condition of wind turbines, 
the desired characteristics for sensors to be employed in wind turbine can be 
summarized into four aspects.  
Firstly, cost is a major consideration by wind turbine operators. The cost of 
sensor needs to justify its benefit to be considered for practical application. 
For point sensors or sensors with limited range, the number of sensors 
employed also needs to be taken into account to cover a large blade structure. 
Moreover, the corresponding system such as source, receiver or signal decoder 
also needs to be of reasonable cost. Alternatively, high cost equipment can be 
made portable so that the cost can be averaged among multiple wind turbines.  
Secondly, the performance of the sensor needs to meet the unique structure 
and dynamics of wind turbine. For instance, the sensor should be immuned or 
properly shielded from electromagnetic interference. The bandwidth of the 
sensor also needs to match the frequency range of typical wind turbines. 
Thirdly, the sensors should be easily installed into wind turbine structure. The 
installation is more difficult if a large number of sensors are involved. The 
placement of cable, power supply and data communication also needs to be 
considered. 
Finally, the reliability of sensors needs to be ensured. Lightening is one of the 
top causes of damage, especially for electronic system. The sensors are also 
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expected to withstand the harsh weather and vibration experienced by the 
wind turbine. 
In the following sections, several types of optical-based sensors are reviewed 
for the purpose of wind turbine monitoring as well as cure process monitoring, 
and their merits and flaws discussed. 
2.2.1.1 Fibre Bragg Gratings 
Among all types of optical fibre sensors, FBG sensors have received the most 
attention. FBG is made from optical fibre with gratings written by UV light 
into its core (see Figure 2.6). The gratings act like mirrors to selectively reflect 
transmitted light with a certain wavelength. As a result, FBG sensors produce 
stable signals, do not require calibration and suffer minimally from power 
fluctuation. As the reflected wavelength is directly related to the grating length, 
FBG sensor is sensitive to both temperature and strain. Temperature 
compensation is required when using FBG to measure strain. FBG sensor can 
also be multiplexed by writing multiple gratings into a single fibre.  
 
Figure 2.6 FBG structure and working principle (Payo, et al., 2009) 
FBG sensors are often applied to composite panels to detect various types of 
damages, such as delamination (Austin, et al., 2008), crack propagation 
(Okabe, et al., 2000) and impact damage (Bocherens, et al., 1998). Small 
diameter FBG can also be embedded into the composite structure with no 
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reduction of strength (N.Takeda, 2005). The means for FBG sensors to detect 
the presence of damage is the change in the strain field. As FBG sensors are 
point sensors, an array of FBGs is required to determine the damage location 
and crack propagation. The recent development of using FBG sensors to detect 
acoustic waves enables its application to acoustic emission (J.-R. Lee, et al., 
2005) and guided wave technique (N.Takeda, 2005; Takeda, 2002). A hybrid 
PZT (Piezoelectric lead zirconate titanate)/FBG system was developed to 
apply guided wave technique to composite laminate plate (Ogisu, et al., 2005; 
Z. Wu, et al., 2009), using PZT patches was as actuator and FBG as sensors.  
For the purpose of wind turbine blade monitoring, FBG is a promising 
replacement for strain gauges as demonstrated in various studies (Arsenault, et 
al., 2013; Ki-Sun, et al., 2012). While FBG sensor can be designed to measure 
other physical quantities such as acoustic wave, acceleration (Wenjun, et al., 
2009) and pressure (Ahmad, et al., 2008), their applications on wind turbines 
are minimal, due to the complex sensor designs and costly interrogation 
systems for dynamic signal sampling. The major drawbacks of FBG sensor are 
its high cost and limited detection range as a strain sensor. Applying an array 
of FBG sensors for large turbine blades is not economical for industrial 
application, so FBG sensor is more appropriate for local detection on pre-
identified hotspots.  
2.2.1.2 Intensity-based optical fibre sensors  
Intensity-based sensors adopts multi-mode optical fibres with large diameter 
and high numerical aperture which are compatible to low-cost systems such 
photodetector and LED which are commonly available in telecommunication 
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industry. Hence, intensity-based optical fibre has attracted growing interest as 
it offers better fracture toughness, simple instrumentation and significant cost-
saving compared to FBG sensors. 
The major drawback of intensity-based optical fibre is often cited to be the 
noise from power fluctuation and influence of micro and macro bending along 
the fibre length. With standard referencing techniques and the availability of 
stable yet inexpensive light sources, the intensity-based optical fibre sensor 
offers promising commercial prospect for large-scale structures due to its low 
cost (Kuang, et al., 2009). In addition, the intensity-based optical fibre is 
capable of measuring dynamic responses with high sampling rate, while the 
FBG-based counterpart requires special designed wavelength interrogation 
equipment (Bentell, et al., 2009) or high-speed swept light source (Isago, et al., 
2008). The intensity-based optical fibre has been designed to monitor bending 
(Kuang, et al., 2002),  strain (Kuang, et al., 2005; Kuang, et al., 2008), crack 
propagation (D. C. Lee, et al., 2000) and impact damage (Kuang, et al., 2005) 
and fatigue damage (D. C. Lee, et al., 2001) for composite materials. 
Comprehensive reviews on intensity-based optical fibre sensor can be found in 
references (Kuang, et al., 2009) and (Doyle, et al., 1996). 
2.2.1.3 Non-contact optical instruments 
Some other popular optical-based methods do not rely on optical fibres but use 
an equipment to capture light reflected from the structure to determine the 
displacement or vibration.  These include Laser Doppler vibrometer (LDV), 
Laser Displacement Sensor (LDS) and Photogrammatry. 
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LDV is a non-contact velocity transducer, which has high sensitivity and high 
spatial resolution in displacement and velocity measurements. The principle is 
based on Doppler’s effect on a laser beam reflected from the measured surface. 
LDV has been widely used in modal analysis as it is capable of measuring an 
array of points simultaneously (Guillaume, et al., 2008; Siringoringo, et al., 
2009; Stanbridge, et al., 2000). A variation of LDV known as the tracking 
laser vibrometer can be applied to a rotating propeller blade for vibration 
measurement (Castellini, et al., 1998). However, the equipment is expensive 
and not portable, and multiple LDVs are needed to cover a large area of the 
entire blade (Jung-Ryul, et al., 2013). 
LDS is more cost-effective than LDV employing a single sensor head to 
measure distance with reflected laser light using triangulation method. The 
sensor has been tested in the laboratory to monitor the deflection of blades due 
to damage using LDS mounted on the wind turbine tower (Jung-Ryul & 
Hyeong-Cheol, 2013). The sensor achieves sampling rate of 1kHz and 
resolution of 50µm and is currently limited to detect damage results in blade 
deflection such as nacelle tilting, mass loss and bolt loosening. 
Photogrammatry-based method involves determination of a point on a 
structure by using two or more images taken from different positions. Ozbek 
et al. (2010) tested the method on a 80m diameter wind turbine and measured 
deformations up to an accuracy of ±25mm from 220m away. The method uses 
digital cameras which are less expensive than LDV. There remains room for 




2.2.2 Sensors for curing process monitoring 
The composite wind turbine blades are manufactured using resin 
transfer/infusion molding or pre-preg lamination. The quality of the 
manufactured with turbine blade has an effect on its potential failure modes 
and service life. A key factor ensuring product quality is the control of cure 
time, as insufficiently cured products lead to inferior mechanical properties 
but over-curing incurred unnecessary cost of energy and manpower. Due to 
the variation of geometry, temperature and the resin flow rate, different parts 
of a component may complete the curing at different times. Therefore it is 
important to introduce sensors to monitor the state of cure of the composite 
wind turbine blade in order to ensure quality, reduce cost and save processing 
time.  
This section reviews cure monitoring techniques for both electrical and optical 
fibre curing sensors. The potential of optical fibre sensor, especially intensity-
based sensors is highlighted. It is promising to integrate a compatible and cost-
effective cure sensors into wind turbine blade to achieve improved quality and 
cost saving. 
Several popular methods using electrical sensors include dielectric analysis, 
acoustic method, ultrasonic scanning and thermal cure monitoring. Dielectric 
analysis is a mature and widely used technique (Jang, et al., 1990). It involves 
applying voltage with two sensor plates across the curing material to measure 
its electrical impendence. The mobility of the polar groups decreases as curing 
progresses leading to the change of dielectric property. The acoustic 
monitoring (Shepard, et al., 1999) uses impulse excitation and detects the 
22 
 
response vibration of the material which is a function of the material stiffness 
and density. The method has received practical application for aerospace 
components. However, difficulty may exist for large components such as the 
wind turbine blade, as the mould must allow free vibration of specimen. 
Ultrasonic cure monitoring uses a pair of non-intrusive transducers to fire echo 
waves onto the component. The method makes use of the relationship between 
the speed of sound and the property of the curing material to measure the cure 
status. As curing is an exothermic process, the curing rate can also be 
measured by temperature sensors such as thermocouples or thermal imaging. 
Compared to electrical cure sensors, the advantages of optical fibre sensors 
include their lightweight, small size, minimal intrusiveness, immunity to 
electromagnetic interference and in the case of FBG, the ability for 
multiplexing. A comparative study was conducted by Powell et al. (1998) on 
three popular optical fibre cure monitoring technique, namely transmission 
spectroscopy, evanescent wave spectroscopy and refractive index monitoring. 
Although the last method only provides qualitative information without 
calibration, the simple and inexpensive sensor design makes it very convenient 
for application.  
Refractive index monitoring was first implemented by Afromowitz and Lam 
(1990) using a fully-cured epoxy optical fibre embedded into resin of the same 
type of epoxy. The light transmission in the fibre decreases to zero as resin 
cures completely. However this method is not cost-effective as customized 
fabrication of fibre is required. Recently, as FBG sensors become more 
popular for temperature and strain sensing, they are also employed for cure 
monitoring. Antonucci et al. (2006) integrated FBG with reflectometer to 
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monitor the refractive index and temperature simultaneously. In another study 
utilizing FBG sensor (Kosaka, et al., 2005), the author monitored the curing 
shrinkage and thermal residual strain as an indication of resin cure. Eum et al. 
(2008) implemented multiplexed FBG to monitor the resin flow and curing 
shrinkage. Although FBG is highly sensitive to temperature and strain, its high 
cost makes it less attractive in cost-sensitive applications. Compared to FBGs, 
intensity-based optical fibre offers a low-cost effective alternative for cure 
monitoring of composites. Li and coworkers (2003) proposed an intensity-
based glass fibre sensor to monitor the curing of thermoset composites. 
 
2.3 Structural health monitoring techniques 
SHM is the process of implementing a damage detection and characterization 
method for engineering structures. A SHM system comprises sensors, data 
acquisition and transmission systems, and database for data management and 
health diagnosis (Jinping, et al., 2010). It involves the application of sensors 
and data processing techniques to identify the initiation of defects, monitor the 
health condition of the structure continuously, and ultimately predict the 
remaining life based on projected loading and environmental conditions.  
SHM methods can be categorized into 5 levels based on the detection 
capability as shown in Figure 2.7 (Doebling, et al., 1996).  Levels 1 and 2 can 
be achieved by non-model based methods, which do not require an analytical 
or numerical model of the structure being monitored. Level 3 generally 
requires model-based method to quantify the severity of damage. Level 4 
prediction generally involves fracture mechanics, fatigue life analysis and 
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structural design assessment. Level 5 can be achieved utilizing smart materials 
or smart sensors and actuators. The level of prediction of a SHM system 
depends on the availability of suitable techniques, cost of sensors, actuators, 
supporting systems and requirement of the application. Due to the complexity 
and depth of information required for various levels of a SHM system, the 
scope of this thesis is limited to the first three levels on identification of the 
presence, location and severity of damage. 
 
Figure 2.7 Classification of SHM system based on detection capability 
(Doebling, et al., 1996) 
One of the earliest form of SHM technique can be traced back to the beginning 
of the 19
th
 century, when the wheel-tapper used the sound of hammer strike on 
the train wheels to evaluate presence of damage. From early 1970s, vibration 
monitoring has been used as a form of SHM for rotating machinery (Keller, 
1975). In the past two decades, research and development in SHM techniques 
has emerged to be a popular field for large civil engineering structures, such as 
bridges, buildings, railways and offshore structures based on which various 
types of detection system and techniques has been developed. Researches of 
SHM on wind turbines are relatively new and only became popular in the past 
decade. However, many previous SHM techniques can be applied to wind 
turbine monitoring.  
•Damage presence (detection) Level 1 
•Level 1 + geometric location (identification) Level 2 
•Level 2+ severity quantification (diagnosis) Level 3 
• Level 3 + prediction of remaining life (prognosis) Level 4 
•Level 4 + self-healing (self- repair) Level 5 
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The major developments in SHM are in the areas of sensing technology and 
damage detection algorithm, in which the former has been summarized in 
Section 2.2.1. The following sections provide a literature review on several 
promising damage detection techniques, focusing on the applications on wind 
turbine blade or composite structure. 
2.3.1 Acoustic emission  
Acoustic emissions (AE) are elastic waves produced by cracking, debonding 
or delamination of the tested material under loading. AE occurrences can be 
detected by multiple piezoelectric sensors mounted on the surface of the 
structure. Potential failure point can be identified by clustered AE occurrences. 
The propagation of damage can be analyzed by pattern recognition software.  
The AE technique has been mostly used for static bending test and dynamic 
fatigue test of wind turbine blades in laboratory (Anastassopoulos, et al., 2002; 
Beattie, 1997). Joosse et al. (2002) tested ten small wind turbine blades under 
static and fatigue loads. The AE technique was used to identify critical areas 
with the aid of pattern recognition software. In order to increase the accuracy 
of damage detection, a large number of sensors are needed. Sundarensan et al. 
(2002) developed a smart blade using an inter-connected array of piezoelectric 
sensors, which mimic the biological neural system. The system was proved 
capable of detecting early crack initiation and tracking the crack growth in a 
wind turbine blade. While most of the work was done in a laboratory 
environment, Blanch and Dutton (2003) applied AE testing to an in-service 
rotating wind turbine blade. A broadband radio transmission system was 
developed to transmit AE signals from the rotating blade to the ground, and 
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the damage can be located at low wind speed. However, under high wind 
speed condition, the technique failed to work due to low signal-to-noise ratio. 
The AE technique is highly sensitive to detect damage down to micro-scale 
and capable of producing early warning arising from structural defects. The 
disadvantage of AE technique is that the signal magnitudes are often low so 
that sensitive sensors, reliable amplifiers and pre-amplifiers become necessary. 
Moreover, sophisticated data processing techniques are required to locate the 
source of damage, especially for non-homogenous materials in which the 
propagation speed varies along different directions. Further works are required 
to ascertain whether the noise level produced by wind loading and blade 
rotation is considerable and if so, to develop techniques to effectively filter out 
unwanted signals. 
2.3.2 Guided Lamb wave 
Guided Lamb waves can travel relatively long distance in plate or shell 
structures, which enables fast scanning over a large area.  Most guided wave 
methods are developed based on the time-of-flight concept to detect damage 
location. Several signal processing techniques were adopted such as 2-D 
Fourier transform (Gao, et al., 2003), wavelet transform (Lemistre & Balageas, 
2001) and Hilbert-Huang transform (Tua, et al., 2004).  
Piezoelectric PZT patches are popular sensors and actuators for applying 
Lamb wave technique due to its compact size, easy integration and in-situ 
capability. Ultrasonic probe can generate pure lamb wave without the 
complexity of multiple modes (Su, et al., 2006). As it requires accessibility of 
both sides and the sensor size is relatively larger, its application to wind 
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turbine blades is limited. With laser technology, non-contact excitation of 
Lamb waves can be achieved using laser Doppler interferometer (Gao, et al., 
2003; Oishi, et al., 2001). Optical fibre sensor was also developed for Lamb 
wave detection using thin FBG sensor (Takeda, et al., 2005). 
Several challenges exist in Lamb wave based techniques on CFRP, such as 
unnecessary reflections from the boundary, multiple wave modes and wave 
dispersion.  Lamb wave detection of a large plate structure normally requires a 
network of sensors covering the whole area. To reduce the number of sensors 
involved, beam-forming of Lamb waves can be achieved by using a densely 
packed array of piezoelectric transducers to focus the transmitted or received 
wave toward a specific direction (Olson, et al., 2006; Stepinski, et al., 2010). 
A comprehensive review on guided Lamb wave techniques is summarized by 
Su et al. (2006), focusing on dispersion characteristics, mode selection, 
generation and collection, modeling and simulation, signal processing and 
sensor network technology. 
Although researches have been carried out on Lamb wave detection in 
composite materials, most studies are still conducted in a laboratory 
environment. There is limited literature which research on the application of 
Lamb wave technique to rotating wind turbine blade due to several challenges. 
First, some studies simplify the problem by assuming  quasi-isotropic material 
property (Ghoshal, et al., 2007). Wind turbine blades are, however, anisotropic 
due to its special designed fibre direction based on the service loads. Several 
researchers developed signal processing methods for anisotropic plate, such as 
a phase reconstruction algorithm proposed by Rajagopalan et al. (2006) and an 
optimization model based on migration strategies proposed by Ugethuem and 
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Lammering (2010). Second, Lamb wave attenuation limits its sensing range. 
Depending on the resin and fibre type, the guided wave detection limit is about 
0.5m along the fibre direction and 0.35m transverse to the fibre direction for a 
wind turbine blade (Sorensen, 2002). A large number of sensors are therefore 
required to monitor a normal turbine blade with length up to 50m. Lastly, the 
capability of Lamb wave techniques on a rotating structure outside laboratory 
environment has yet to be fully validated. During wind turbine operation, 
signal noises are generated from electromagnetic field emitted by the 
generator or from the diffraction and scattering of signals caused by the 
rotating blade (Krug, et al., 2009). The noises may pollute the sensor signal 
and diminish the effectiveness of the technique. The guided wave technique is 
hence more suited for local damage detection under static conditions, while 
the application for global detection under dynamic load requires further 
studies. 
2.3.3 Thermography 
Thermography is a technique to detect subsurface defects using the 
temperature difference observed on the measured surface by an infrared 
camera. External stimuli are required either in the form of heat source (heat 
lamp, optical flash lamp or heat gun) (Avdelidis, et al., 2006) or vibration 
(ultrasound burst or mechanical shaker) to introduce thermoelastic effect 
(Rantala, et al., 1995; Rumsey, et al., 2001). The defective area has higher 
acoustical damping, higher stress concentration and lower heat conductivity, 
hence will exhibit higher temperature under external stimulus. Amenabar et al. 
(2011) compared several detection techniques on a wind turbine blade 
specimen and thermography is found to have good sensitivity to delamination. 
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The thermographic technique is an attractive method as it enables rapid 
scanning of a large area with the option of no attached sensor and no contact 
with the testing surface. The limitation is that it only detects near surface 
damage with depth of only a few millimeters (Avdelidis, et al., 2006) so the 
effectiveness will reduce for large structures. Considering the scale of a wind 
turbine blade, excitation of the whole blade using heat source of vibration may 
be costly or labour intensive. In practical application, environmental condition 
could also introduce noise such as cloud cover, solar radiation and wind speed. 
2.3.4 Vibration-based methods 
Vibration-based methods are the earliest and most common type of damage 
detection method. The basic principle is that the modal parameters such as 
modal frequencies, mode shapes and damping ratios are functions of system 
properties such as mass, stiffness and damping, hence a change in the modal 
parameters indicates existence of damage.  
To extract modal parameters, dynamic test are required to set the structure into 
vibration. The response data are then collected using accelerometers, strain 
gauges or piezo-electric sensors. The data are processed to measure modal 
parameters such as frequency, mode shape and damping. Comprehensive 
modal analysis methods have been reviewed by Ewins (2000) and Reynders 
(2012) . 
Most modal analysis techniques require the knowledge of both input excitation 
and output response. However, for operational wind turbines, the wind loading 
is difficult to measure, so only output response are available for modal 
analysis. There are several system identification methods developed to extract 
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modal parameters from output-only response, such as the eigensystem 
realization algorithm (ERA), stochastic subspace identification (SSI) and 
Ibrahim time-domain (ITD) method.  The output-only methods rely on initial 
information from impulse response function (IRF) or output covariance, which 
are computed based on response of random excitation. Some techniques to 
derive IRF are the Random Decrement Method to combine with the ITD 
method (RDM-ITD) (Ibrahim, 1977; Ibrahim, et al., 1977) and the Natural 
Excitation Technique (Farrar, et al., 1997) to combine with ERA (NExT-ERA) 
(J.-N. Juang, 1994a; J.-N. Juang, et al., 1985). A comparative study on the 
accuracy and efficiency of RDM-ITD and NExT-ERA applying to a 
suspension bridge shows that the later is more practical and efficient 
especially for voluminous multi-channel measurement (Siringoringo, et al., 
2008). 
Although NExT and RDM techniques were developed under the assumption 
of Gaussian white noise excitation, it has been successfully applied to 
structures with general wide-band random excitation such as wind (Qin, et al., 
2001), earthquake (Jin-Hak, et al., 2004), and traffic loadings (Huang, et al., 
1999; Jin-Hak & Chung-Bang, 2004). The operating wind turbine blades are 
under constant gravitational load at a rotation frequency in addition to the 
wind loading. Modified ERA is able to extract modal parameters when the 
rotation frequency is close to the eigenfrequencies of the system, providing 
possibilities to carry out modal analysis for wind turbines in operation 
(Mohanty, et al., 2006). 
Several comprehensive reviews on vibration-based monitoring techniques can 
be found in the works of Doebling (1996), Carden & Fanning (2004) and Wei 
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& Pizhong (2011) covering literatures from 1980s up to 2009. The vibration-
based techniques can be categorized by the type of modal parameter used. In 
this section, three major categories are reviewed namely, natural frequency-
based methods, mode shape-based methods and mode shape curvature/strain 
energy-based method.  
2.3.4.1 Frequency-based methods 
The frequency-based method is attractive because frequencies can be 
conveniently measured with only a few sensors and are normally less 
contaminated by noise compared to mode shape. Salawu (1997) conducted an 
extensive review on frequency-based methods before 1997 and concluded that 
natural frequency changes alone may not be sufficient to uniquely identify the 
damage location, because two different locations may cause the same amount 
of frequency change. Hence many frequency-based method models the beam 
according to Euler-Bernoulli beam theory and the crack as a rotational spring. 
With such assumptions Liang et al. (1991) derived a characteristic equation to 
relate stiffness with crack location for any three natural frequencies. With any 
given three natural frequencies, three curves are plotted according to the 
characteristic equation, and their intersection gives the location and stiffness 
of the crack. This method was extended to stepped and segmented beams by 
Maiti and coworkers (Chaudhari, et al., 2000; Nandwana, et al., 1997), and 
subsequently extended by Chinchalkar (2001) to beam with varying cross-
section and different boundary conditions utilizing finite element methods. 
However, the works so far are validated numerically without evaluating the 
effect of noise in practical. 
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Kim and Stubbs proposed a frequency-based method to detect crack length in 
a beam structure with both numerical and experimental validation (J.-T. Kim, 
Ryu, et al., 2003; J.-T. Kim & Stubbs, 2003). The method makes use of theory 
of fracture mechanics to relate crack length to frequency change and is able to 
identify the crack location and length with good accuracy. However, for a 
general SHM system where the damage type is unknown, there is still a lack 
of effective frequency-based method for non-specific damage where the 
severity is expressed in terms of stiffness reduction.  
A more recent work (Zhong, et al., 2008) named spectral centre correction 
method requires plotting a curve of modal frequencies change versus the 
location of an auxiliary mass as the mass travels along the beam. The 
derivatives of the curve provide damage information. The auxiliary mass is 
used to excite the beam for more accurate modal frequencies. However, the 
method is less practical for wind turbine blade application due to the 
requirement of a pre-test as well as the difficulty in obtaining a high resolution 
curve in practice. 
A main concern of frequency-based method lies on the small change of 
frequencies which are often obscured by the changes due to environmental 
conditions, such as humidity and temperature. De Roeck et al. (2000) 
demonstrated the filtering of environmental effect based on data collected on a 
bridge for a one-year period and successfully detected induced progressive 





2.3.4.2 Mode shape-based methods 
Compared to modal frequencies, mode shapes provide more local information 
for location identification. The traditional mode shape-based methods directly 
compare the damage and undamaged mode shapes using Modal Assurance 
Criterion (MAC) (Allemang, et al., 1982) to detect presence of damage. MAC 
takes a value between 0 and 1 to measure the similarity between two mode 
shapes. To locate damage, Coordinate Modal Assurance Criterion (Lieven, et 
al., 1988) provides a point-wise measurement of the similarity between two 
mode shapes. 
The traditional methods are found to be not very sensitive to damage, hence 
more researchers focused on signal processing methods by taking the mode 
shape data as a signal in the spatial domain. The basic assumption is that 
damage induces more local variations in mode shape amplitude resulting in 
high-frequency region indicating the damage location, when the mode shape is 
transformed to the spatial domain. Some of the signal processing techniques 
used are Haar wavelet transform(Q. Wang, et al., 1999), Mexican hat wavelet 
transform (Hong, et al., 2002), stationary wavelet transform (Oyadiji, et al., 
2007), Gaussian wavelet transform (Poudel, et al., 2007; Rucka, et al., 2006), 
etc.  
The advantage of mode shape-based method using signal processing method is 
that many of the methods do not require mode shapes in undamaged state, 
which can be useful in some practical cases. Another advantage is the higher 
sensitivity compared to frequency-based methods. Oyadiji and Zhong (2007) 
demonstrated detection of crack length as small as 4% of the beam depth with 
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artificial noise using a finite element model. A common limitation in wavelet 
transform method is the difficulty in detecting damage near the boundaries due 
to discontinuity. Moreover, the measurement of mode shapes requires densely 
spaced sensors and is more prone to noise contamination compared to 
frequency measurement. Most of the studies are based on numerical 
simulation except a few experimental works. Rucka and Wilde (2006) 
obtained the mode shape by hammer excitation at many points along the beam, 
while Poudel et al. (2007) obtained the mode shapes using high speed digital 
camera. For the case of wind turbine blade, mode shape extraction with 
ambient excitation may generate considerably higher noise level rendering the 
mode shape-based method less effective. 
2.3.4.3 Mode shape curvature/strain energy-based methods 
The 2
nd
 derivatives of mode shapes are found to be highly sensitive to damage 
location, hence mode shape curvature-based methods become more attractive. 
Since the mode shapes are often measured in normalized magnitude, the mode 
shape curvature is normally obtained by curve fitting or finite difference 
approximation which may introduce significant error. According to Euler-
Bernoulli beam theory, the strain measured on the beam surface is 
proportional to the local curvature of a flexural beam. Hence strain sensors 
have been adopted successfully in some experimental works (Lestari, et al., 
2007; Lestari, et al., 2005). 
Traditional mode shape curvature-based methods compare the average 
difference between damaged and undamaged mode shape curvatures for 
several modes. However, a few studies (Abdel Wahab, et al., 1999; Pandey, et 
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al., 1991) found that higher modes exhibit several peaks which may lead to 
false alarm, so only a few lower modes are used. Signal processing methods 
are also used to enhance the performance, including orthogonal wavelet 
transformation (Amaravadi, et al., 2001), Haar wavelet transformation and 
singular value decomposition (B. H. Kim, et al., 2006).  
Another popular method is the modal strain energy method which is able to 
relate strain energy to damage with physical meaning. Since the strain energy 
can be expressed in terms of mode shape curvature, they are usually 
considered as the same category. Kim and Stubbs (J.-T. Kim, Ryu, et al., 2003) 
presented a damage detection method for beam structure using the mode shape 
curvature before and after damage. Validation using a numerical model shows 
that the method predicts the damage location with good accuracy but the 
accuracy for severity estimation decreases considerably when the damage is 
small or located away from the mid-span of the beam. 
Similar to mode shape-based methods, the mode shape curvature or strain 
energy-based method also require accurate measurement of mode shape with 
closely spaced sensors, which can be challenging in the case of wind turbine 
blade. 
Beside the three types of vibration-based methods reviewed above, there are 
other types of methods involving model updating, genetic algorithm, neural 
network, statistical pattern recognition, etc. But most of the methods involves 
iterative computation and are difficult to fully automate.   
Generally for vibration-based methods, each type of methods has its own 
merits and flaws. The frequency-based method is easy to implement but less 
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sensitive. The mode shape and mode shape curvature-based method provide 
enhanced sensitivity, but the mode shape is difficult to measure with good 
accuracy and resolution. Hence, a suitable method needs to be chosen or 
developed to suit the unique structure, dynamics and the sensing technique 
available for wind turbine blades. 
2.4 Concluding remarks 
From the review of sensor development, optical fibre sensors are identified to 
be a promising tool for wind turbine monitoring. Many research works have 
focused on FBG sensor as it is commercially available and able to produce 
high sensitivity with low signal noise. However, the main limitations are its 
relatively high cost for sensor unit and interrogation system and limited 
detection range in local strain measurement, which make construction of a 
large sensor network to cover a large area more difficult. Compared to FBG, 
the intensity based optical fibre is low cost, requiring only simple equipment, 
and able to measure dynamic response. It has potential for further 
development as light-weight, cost effective sensors that can be applied to large 
structures such as wind turbine blades. 
In the review of damage detection techniques, the merits and limitations of 
various techniques are discussed. The vibration-based method is inexpensive, 
compatible with a variety of sensor types, suitable with ambient excitation and 
offers good coverage. Although it has a few limitations to overcome, there is a 
potential to combine optical fibre sensor with appropriate vibration-based 




Chapter 3 Optical Fibre Sensor for Process and Bend 
Monitoring 
 
Wind turbine blades are generally made from composite materials due to their 
unique properties such as high strength to weight ratio, and strong resistance 
to corrosion. Composite materials are strong under axial loading in the 
direction of fibre reinforcement, but they are susceptible to damages induced 
by bending loads, such as delamination and matrix cracking. Bending is the 
main type of load acting on the wind turbine blade which is generally 
contributed by two sources - the self-weight of the blade and the dynamic 
wind load. In a SHM system, bending-induced strain is normally measured 
using surface-mounted electrical strain gauges. As point sensors, strain gauges 
monitor strain at several locations which can be related to material stress, 
loadings or total deformation of the blade. Although strain or bending-related 
measurements do not identify local damage directly, they are widely used in 
SHM systems at pre-selected points with prior knowledge of stress distribution 
(Schubel, et al., 2013). With the recent commercialization of optical fibre 
sensors, strain gauges are frequently replaced by FBG sensors for structural 
health monitoring of wind turbines as reported in a number of studies (A. 
Turner, 2009; Arsenault, et al., 2013; Eum, et al., 2008; Guo, et al., 2007). In 
order to be sensitive to bending-induced strain, the FBG sensors need to be 
embedded away from the neutral axis. As FBG sensors are sensitive to both 
temperature and strain, sensing systems based on FBG technology requires the 
use of an additional FBG sensor or a temperature sensor for temperature 
compensation (Majumder, et al., 2008). Moreover, FBG sensing system is 
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much more costly compared to traditional strain gauge (less than 10USD for 
typical aluminium foil strain gauge) not only for the FBG sensor itself (about 
50USD per unit), but also the interrogation system (10,000USD to 30,000USD 
for interrogator and light source). Hence, there is interest to further develop a 
cost-effective sensor capable of measuring flexural or bending loads to meet 
the demand of SHM for large structures.  
The structural properties of advanced composite are known to be strongly 
affected by the processing conditions. Although material suppliers provide 
recommended cure cycles, the curing of individual parts are still subjected to 
factors such as mould geometry and temperature. The current manufacturing 
methods for wind turbines are mostly vacuum infusion, which involve 
injection of resin into fibre fabric in a vacuum mould (Schubel, 2010). Due to 
the complex geometry and large size, the process time varies depending on the 
temperature, thickness, resin viscosity, resin flow rate and hence a large 
composite component may not cure evenly (Griffin, 2002). Most blade 
manufacturers consider reduction of cure time as a key area for cost saving 
(Schubel, 2010). Therefore it is important to introduce a sensor to monitor the 
state of cure of the composite in order to control product quality, reduce cost 
and processing time. 
As both bending and curing of the wind turbine blade needs to be monitored, a 
dual-functional sensor is required. FBG sensors have been explored by a few 
researchers to monitor the curing process and bending load of wind turbine 
blades (Eum, et al., 2008; Hyung-joon, et al., 2010). In this chapter, an 
intensity-based dual-functional sensor made from POF is introduced. A POF 
sensing system is low-cost, flexible and easy to handle, rendering it an 
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attractive option for industrial applications compared to intensity-based GOF 
or FBG. The POF sensor is embedded into the composite and will be 
demonstrated to be capable of monitor the state of cure during the 
manufacturing process. After the component is cured completely, the sensor is 
able to monitor the stresses due to bending under static and dynamic 
conditions. 
3.1 Sensor design and working principle 
Composite materials of wind turbine blades are made from glass or carbon 
fibres with resin reinforcement. A POF can be made sensitive to the state of 
cure of the resin with the cladding partially removed and the fibre embedded. 
To make the POF sensitive to bending, the removed cladding must be on one 
side of the fibre (see Figure 3.1). The working principles for cure monitoring 
and bend monitoring are elaborated in Sections 3.1.1 and 3.1.2, respectively. 
 
Figure 3.1 Schematic of dual-functional POF sensor 
3.1.1 Cure monitoring 
The fundamental concept of light transmission in optical fibre is based on the 
principle of total internal reflection. In Figure 3.2, when light propagates from 
a material with high refractive index (n2) to one with low refractive index (n1), 






total internal reflection occurs when the incident angle is more than the critical 
angle, defined by        




Figure 3.2 Schematic of refraction and reflection of light ray (n1< n2) 
Most conventional POFs are made from low-loss PMMA as the core material. 
The cladding is made from fluorinated polymer with a lower index of 
refraction to allow most lights to undergo total internal reflection. A POF cure 
sensor is illustrated in Figure 3.3 in which a segment of the cladding is 
removed. The removal of cladding exposes the fibre core to the resin of the 
composite and allows light to escape from the core-resin interface, when the 
local incident angle is less than the critical angle.  
 
Figure 3.3 Schematics of POF embedded in resin with segment of cladding 
removed  
During the curing process, the exothermal reaction leads to the cross-linking 
of polymer chains resulting in a denser structure. A direct effect of the cross-
linking process is the increase in the refractive index of the resin. As a result, 
the critical angle also increases, leading to a greater loss of light from the core, 
Critical angle 
Refractive index =n1 
Refractive index =n2 
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and less light transmitted through the fibre. Hence, the curing process could be 
monitored by observing the decreasing intensity of the light transmission 
through the fibre. 
The POF sensor is essentially measuring the change of refractive index of the 
resin by transmitted light intensity. Howard et al. demonstrated experimentally 
that the index of refraction is linearly proportional to the degree of cure during 
composite photo-polymerization (Howard, et al., 2010). Hence by measuring 
the light intensity change (and indirectly the refractive index change), the state 
of cure could be monitored.  
3.1.2 Bend monitoring 
A POF bending sensor can be made by creating a sensitized segment by 
removing part of the cladding along one side of the fibre (see Figure 3.1). The 
POF bending sensor can be surface-mounted with the sensitized side 
positioned away from the specimen to measure bending. Comprehensive 
bending tests have been reported by Kuang et al. (2002). The results showed 
that when the POF sensor was bent towards the sensitized segment (i.e. 
positive curvature), the transmitted light intensity decreases, while negative 
curvature results in an increase in the transmitted light intensity. The sensor 
output has a linear relationship with the bending stress of the test specimen, 
for both negative and positive curvature. 
Several researchers have attempted to explain the working principle of the 
POF bend sensor, such as absorption of sensitized segment (Danisch, et al., 
1994), ‘whisper gallery rays’ theory (Djordjevich, et al., 2001), and triangle 
groove transformation (Philip-Chandy, et al., 2000). After concluding the 
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limitations of previous explanations, Liu et al. (2006) proposed a principle 
based on surface scattering and obtained experimental results to support his 
postulation. 
Liu et al. reported that when an incident light ray hits the sensitized segment 
with incident angle θi, attenuation will occur due to the scattering at the rough 
surface. The attenuation ratio       is defined by the ratio of power loss per 
unit length of fibre (    to the original transmitted power (   . Based on 
Rayleigh criterion of light scattering (Tien, 1971),      can be derived as 




      
     
 (3.1) 
where   is a constant based on the surface roughness of the sensitized segment 
and the geometry of the fibre. 
Based on the geometrical relation, the incident angle θi is related to the radius 
of curvature of the fibre   , radius of the fibre cross section R, and the 
incident angle of the light ray travelling in the unclad segment θ (Figure 3.4).  
      
   
    
    




Substituting equation (3.2) into (3.1), the attenuation coefficient is found to 
have a linear relationship with the curvature 1/  , when the curvature is less 
than 0.05mm
-1
. The result implies that linear response is expected when 
bending radius of curvature is larger than 20mm, which covers the bending 




Figure 3.4 Schematic of bend POF sensor showing geometric relationship 
In practice, the radius of curvature is difficult to measure experimentally, so 
bending strain is normally measured by surface bonded strain gauge. In a 





   
 
  
   (3.3) 
where y is the distance from the neutral axis. Since bending strain is linearly 
related to the curvature of the beam, surface-mounted strain gauge can be used 
to calibrate POF bending sensor.  
 
3.2 Experimental results 
3.2.1 Cure monitoring 
The POF used in experiment is ESKA CK-10 manufactured by Mitsubishi 
Rayon Co. Ltd. Some specifications are found in Table 3.1. 
 
θ 2R 




Table 3.1 Specifications of POF used in experiment (ESKA CK-10)   
Core refractive index 1.49 
Refractive index profile Step index 
Approximate weight 0.06g/m 
Core material PMMA 
Cladding material Fluorinated Polymer 
Diameter 1mm 
 
To investigate the response of POF sensor to the change in refractive index, 
the sensor was tested with sodium chloride (salt) solution with various 
concentrations, because the concentration of solution is directly related to the 
refractive index. The sensor was first immersed in 100ml distilled water. 
Subsequently, two grams of salt was added into the solution at each time. 
Sensor output was recorded when the added salt was fully dissolved. Fourteen 
sets of data were recorded and tabulated in Table 3.2, in which the refractive 
index of the salt water was found from literature (Weast, 1989). Figure 3.5 
shows the percentage change of sensor output plotted against refractive index 
of the salt water and corresponding refractive index.  The results are expected 
as elaborated in working principle of the cure sensor, where the output 
decreases with increasing refractive index. The linear relationship between 
sensor output and refractive index demonstrated the sensing capability of POF 














0 1.333 1.493 0.0 
2 1.3366 1.485 -0.5 
4 1.34 1.472 -1.4 
6 1.3435 1.462 -2.1 
8 1.347 1.453 -2.7 
10 1.3505 1.443 -3.3 
12 1.3541 1.434 -4.0 
14 1.3576 1.424 -4.6 
16 1.3612 1.415 -5.2 
18 1.3648 1.406 -5.8 
20 1.3684 1.395 -6.6 
22 1.3721 1.386 -7.2 
24 1.3757 1.376 -7.8 
26 1.37935 1.368 -8.4 
28 1.38299 1.359 -9.0 
 
 
Figure 3.5 Percentage change of POF curing sensor output vs. refractive index 
of salt solution 
For cure monitoring, the sensor system used is shown schematically in Figure 
3.6. Two types of composite curing process were tested, a liquid resin system 
and a prepreg system. Liquid resin system is widely used for wind turbine 
manufacturing. UV curable prepregs have recently seen promising 
y = -180.8x + 240.91 

































Refractive index of salt solution 
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applications in wind turbine repair (Cripps, 2011) and small wind turbine 
blade manufacturing (Jacob, 2005). Compared to standard wet lay-up 
procedure, adopting UV curable prepregs extends the working time by more 
than 5 times to allow molding and lay up, and reduces curing process by up to 
90% (Jacob, 2005).  Time taken in blade repair work can also be reduced by 
half which brings significant cost-saving in equipment usage and man power 
(Marsh, 2011). The UV-curable prepreg used in the experiment was made 
from glass fibre with 60% cured vinyl-ester resin, manufactured by Australian 
Composites Pte Ltd. The liquid resin was a two-part low-viscosity epoxy-
amine liquid resin. 
The curing experiment setup is shown in Figure 3.6, The sensor was 
embedded in UV-curable prepreg or liquid resin with two ends connected to 
an integrated light source and detector manufactured by Keyence Corporation. 
The detector outputs an analogue signal to a data acquisition unit. For the UV-
curable prepreg, a UV fluorescent lamp was used to provide UV irradiation at 
a constant intensity of 0.68W/cm
2
/nm at wavelength of 295 to 365nm. The 





Figure 3.6. Sensor system for cure process monitoring 
In order to investigate the effect of cladding removal on the sensitivity of the 
POF sensor, three POFs with different amount of cladding removed were 
embedded into the same substrate. The cladding was removed by scrapping off 
the cladding material using a sharp blade. The surface with cladding removed 
emits red-color light from the core of the fibre so that the area of sensitized 
segment can be visually identified. As illustrated in Figure 3.7, in type-A 
sensor no cladding was removed (i.e. with intact cladding), while type-B had a 
pre-determined length (15mm) of its cladding removed from one side, and in 
type-C 15mm segment of cladding was fully removed. 
 
Figure 3.7 Schematics of three POF sensors with cladding removed 
Result for UV curable prepreg monitoring is shown in Figure 3.8, where the 
percentage loss of the three readings are calculated with respect to their initial 
Sensitized segment with 
cladding removed 
Glass fibre with resin 







Type-A           Type-B                 Type-C 
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values for consistent comparison. Type-C sensor which has its cladding fully 
removed showed the most significant reduction, while type-A sensor with 
cladding intact responded the least. This suggests that the amount of cladding 
removed affects the sensitivity of the curing sensor. When the three channels 
of sensor data are normalized to a range from 0 to 1 (Figure 3.9), a common 
response for all three sensors was observed, reaching a plateau at 500 seconds 
(8 mins), signifying the end of the cure process. A Barcol hardness test was 
conducted on the cured specimen after 8 mins and a value of 50 was obtained 
which confirms that the specimen was completely cured. The value of 50 was 
recommended by the manufacturer’s data as an indication of complete cure.   
 







































Figure 3.9 Normalized POF reading for UV curable prepreg curing 
Results for liquid resin curing under room temperature is shown in Figure 3.10. 
Similar to what was observed for the UV curable prepreg, the sensor in which 
more cladding was removed was found to be more sensitive to the change in 
refractive index of the curing resin. When the three readings were normalized, 
the results for type-B and type-C sensors with cladding removed overlap with 
each other. The two readings reach a plateau at about 35 hours which implys 
no further change in refractive index of the resin. Hence 35 hours is identified 
as the end of cure time.  
The normalized reading from type-A sensor is not consistent with others. As 
type-A sensor has its cladding intact, the light intensity transmitted in the fibre 
core was not affected by the refractive index change of the resin. The signal 
variation can be attributed to the loss of light rays transmitted within the 
cladding layer, which is called cladding mode (See Figure 3.12). The cladding 
mode is relatively lower in amplitude compared to the guided mode within the 



































As shown in Figure 3.13, compared to the guided modes transmitted in the 
fibre core, cladding modes only consists of a small number of modes with 
limited range of incident angle at the cladding-resin interface. In the case 
where the POF is sensitized by removing the cladding, the sensitized surface is 
not smooth. The incident light rays are scattered at the core-resin interface, 
with a large range of incident angle. As explained in the working principle, the 
change of signal output is due to the change of angle of total internal refraction, 
so type-A sensor (with cladding intact) is not accurate due to the limited 
incident angle. Moreover, as the cladding modes propagate along the entire 
fibre, the fibre segment other than the sensing area also affects the variation of 
cladding modes intensity. Discrepancies can arise from conditions such as 
micro or macro-bending, and surface contamination. Hence, cladding modes 
are prone to noise and errors and not suitable for cure monitoring.  
 
Figure 3.10 Percentage change of POF sensor reading for liquid epoxy resin 










































Figure 3.12 Radiation mode, cladding mode and guided mode in POF 
(Radzienski, et al., 2009) 
 
 
Figure 3.13 Light rays propagation along the POF sensor with cladding intact 





































POF sensor with cladding intact POF sensor with cladding removed 
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3.2.2 Bend monitoring 
After curing, the POF sensor with cladding removed from one side (Sensor B 
in Figure 3.7) was tested to assess its potential in monitoring the bending of 
the host specimen. To investigate the sensitivity of the sensor, the specimen 
was machined to dimensions of 150mm × 30mm, and a strain gauge was 
attached to the center of the composite beam for calibration. The test sample 
underwent three-point bending in a quasi-static manner, and the corresponding 
electrical strain gauge data and POF readings were plotted in Figure 3.14(a). 
The two responses were found to be linearly related (Figure 3.15). The 
sensitivity of the POF sensor is defined by the slope of the linear fit and 
expressed as volt/microstrain. A free vibration test performed on the 
composite beam also yielded good comparison between the two sensors as 
shown in Figure 3.16. 
The POF signal appears to be noisier than the strain gauge signal. The noise 
may be picked up by the cable connecting the photodetector and the 
oscilloscope because similar noise level of 0.006V (standard deviation) was 
observed when the cable was not connected with the POF sensor. The noise 
level can be reduced when processed with a low-pass filter to remove higher 
frequency components. As shown in Figure 3.14(b), the noise level in POF 
reading for quasi-static bending was greatly reduced using a low-pass filter 
with a cutoff frequency of 150Hz. For practical applications, the signal to 
noise ratio of a POF sensor can be improved by integrating a signal 
conditioning circuit with the photodetector, where the signal can be filtered 





Figure 3.14 POF reading (a) before and (b) after filtering (low-pass filter with 




























































































































   Figure 3.15 POF sensor versus strain gauge readings  
 
 
 Figure 3.16 Calibrated POF sensor output and strain gauge output for free 
vibration 
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3.3 Concluding remarks 
This chapter demonstrates the use of a POF sensor to monitor the cure and 
bending of a composite beam. The choice of POF instead of GOF as a cure 
sensor allows the sensor to undergo large deformation without fracture and 
extends its functionality to monitoring of bend curvature.  To the knowledge 
of the author, it is the first time that an intensity-based sensor is implemented 
for both fabrication and vibration monitoring. The intensity-based POF costs 
less than 1USD per meter with sensing system of less than 200USD which 
offers a more cost effective option than its FBG counterpart. Experiments 
using three POF sensors with different amount of cladding removed showed 
different sensitivities to the composite cure state and as shown earlier this 
depend on the amount of cladding removed. Monitoring of both liquid resin 
and UV-curable prepreg showed consistent end-of-cure time for POF sensors 
sensitized by cladding removal. After curing, the sensor was found to be 
effective for monitoring the static and dynamic response of a beam under 
flexure. 
For the purpose of wind turbine monitoring, the proposed sensor can be 
embedded at multiple locations in the wind turbine blade so that the resin flow 
speed and curing process can be effectively monitored and quality of the 
composite can be better controlled. After the wind turbine blade is fully cured 
or consolidated, the POF sensor can be used for static and dynamic bend 
monitoring.  
Optical fibre sensor is light-weight, with thin and long geometry, which is 
considered to be minimal intrusive to composite material compared to other 
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types of embedded sensors and is suitable for direct embedding with low risk 
of delamination (Krebber, et al., 2005). Embeded glass fibre sensor such as 
FBG has been widely used for composite material monitoring and has 
commercialized by several companies for wind turbine blade application 
(Glavind et al., 2013). 
The structural compatibility between optical fibre sensor and composite 
material is characterized by the shear strength between the fibre-matrix 
interface. Due to the low bonding strength of glass fibre to matrix, additional 
coating is necessary to improve the bonding between matrix and the glass fibre 
sensor. Plastic coatings such as acrylate or polyimide are demonstrated to 
improve the bonding (Krebber et al, 2005). Compared to GOF, POF is 
mechanically more compatible with resin matrix and less prone to debonding 
problem. GOF sensors such as FBG also known to have lower breaking strain 
due to UV exposure, micro scratch and cracks. POF is more flexible with 
higher strain, and is likely to achieve higher durability compared to GOF. 
In the current study, the POF sensor was prepared manually, so the amount of 
cladding removed could not be precisely controlled. With the availability of 
high precision machining, the sensitized area can be created by milling and 
grinding, and the dimension and surface roughness of sensitized area can be 
controlled, which can enhance the reliability of the sensor. Chia (2008) has 
developed a setup to produce standardized POF sensor. With standardized 
POF sensors, only one sensor requires calibration and the calibrated results 
can be used for other sensors.   
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Chapter 4 Design of Bi-axial Optical Fibre Accelerometer 
 
Being less prone to electromagnetic interference and lightning-induced 
damages, fibre sensor with optical fibre transmission is an attractive solution 
to enhance the reliability of a SHM system (Glushakow, 2007). Recently, 
developments in optical sensor systems for wind turbine monitoring have 
focused on measuring acoustic emission (Frankenstain, et al.), strain (Fattahi, 
et al., 2010; Hyung-joon, et al., 2010) and temperature (Turner, et al., 2009). 
Although acceleration is one of the important parameters to obtain the 
vibration characteristics of structures, there is limited development in optical 
sensor for acceleration measurement. This chapter presents the development of 
a lightweight and cost-effective optical fibre accelerometer suitable for SHM 
of wind turbines. 
Modern developments of optic fibre-based accelerometers began in the mid-
1990s (Talebinejad, et al., 2009). They can be classified into three major 
categories based on their working principles, namely, phase-modulated, 
wavelength-modulated and intensity-modulated accelerometers.  
Phase-modulated sensor measures changes in the phase of light introduced 
through various interferometric schemes, such as Michelson, Fabry-Perot, and 
Mach-Zehnder interferences.  Such system comprises bulk optical components 
linked by optical fibres. Interferometric accelerometers are intrinsically high in 
sensitivity; hence they can achieve high bandwidth of over 10kHz and still 
have good sensitivity (Moro, et al., 2010). However, the cost of 
interferometric sensor is relatively high as it employs customized optical 
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devices, such as interferometric demodulator, phase modulator and polarizer 
(Bush, et al., 1996). Their application is now mostly in military or remote 
sensing under severe environment where cost is not an issue (Alalusi, et al., 
2009). 
Wavelength-modulated sensor became popular with the advancement in 
fabrication technology of FBG. The optical spectrum output of FBG varies in 
response to elongation or compression of the gratings along its length. 
Therefore, most designs involve bonding the fibre onto a mini-cantilever beam 
(Sun, et al., 2009) or a sliding mass vibrator (Talebinejad, et al., 2009).  In 
addition, as FBG is sensitive to both strain and temperature, the accelerometer 
requires carefully-designed mechanisms to enforce temperature self-
compensation (Sun, et al., 2009; Teng, et al., 2006; Wenjun, et al., 2009). 
Thus, the resulting vibrating structure is complex in design and difficult to 
miniaturize. The high cost of FBG and its interrogation system also limits its 
wide-application in industry.  A typical unit of single-axial FBG-based 
accelerometer costs about 2,000 USD and the detection system costs between 
10,000 to 50,000 USD (Baldwin, et al.).    
Compared to phase-modulated and wavelength-modulated designs, the 
intensity-modulated accelerometer is the most cost-effective alternative. The 
design is simple and the components required are readily available in the 
telecommunication industry, such as the light-emitting diode (LED) and the 
photo-detector. A trade-off of the intensity-based accelerometer is its lower 
sensitivity compared to the phase and wavelength-modulated types. However 
for some applications, the bandwidth may be traded for sensitivity, particularly 
for wind turbine blades which generally have low modal frequencies, in the 
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order of 10Hz (Cui, et al., 2010; Hansen, et al., 2006) and sensing at high 
bandwidth region is not required. 
Previous works on intensity-modulated accelerometers generally employed the 
cantilever beam configuration, which requires no additional components other 
than the optical fibres themselves. The acceleration is estimated by monitoring 
the signal intensity variation as a function of the coupling efficiency between a 
cantilever fibre and a fixed fibre. Lopez-Higuera et al. (1997) designed an 
accelerometer from multi-mode glass fibre with a capable of measuring 
vibration up to 140Hz.  Barbosa et al. (2005) employed a single-mode glass 
fibre to achieve vibration measurement up to 2000Hz. Kalenik and Pajak 
(1998) studied the sensitivity of the cantilever-type accelerometer based on 
experimental measurement with glass optical fibre.  Most studies on intensity-
modulated optical fibre accelerometers are limited to unidirectional 
acceleration measurement as it is not easy to restrain the vibration of the 
cantilever fibre to a specific direction. Hence, if the acceleration to be 
measured is two-dimensional (2-D), the measurement would be incomplete, or 
in some cases, unreliable.  
Bi-axial accelerometer with intensity-modulation has been developed by 
Dinev (1996) who utilized an optical lens to project light from a cantilever 
optical fibre to a 2-D photo-sensing screen. This design is relatively large in 
size as it requires a significant distance between the lens and photo-sensing 
screen for optical magnification. Doyle and Fernando (2000) designed an 
intensity-modulated accelerometer utilizing four symmetrical receiving fibres 
for bi-axial sensing. The ‘all-fibre’ design is compact and lightweight.  
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The literature provided insufficient details with regards to the working 
principle of intensity-modulated accelerometer and the set-up has not been 
optimized to enhance performance. This may limit further development of 
such sensors.  This chapter aims to describe details to facilitate design and 
development of intensity-modulated accelerometer through an improved bi-
axial design which utilizes two receiving fibres. A calibration scheme is 
developed and subsequently validated experimentally. Finally a prototype is 
constructed to test the performance of the designed accelerometer. 
 
4.1 Working principle 
In the set-up shown in Figure 4.1, light emitted by an LED light source is 
transmitted through a cantilever fibre. Two fixed fibres, which are connected 
to photo-detectors, are used to receive the light.  If the cantilever fibre is 
displaced, then the intensity of the light received by each of the two fibres will 
vary from the value of the unperturbed fibre position.  The amount of 
displacement can be related to the intensity of light detected by  the fibre 
individually.  The tip of the cantilever fibre can move freely in a 2-D plane 
since there is no lateral constraint. In this study, multimode step-indexed POF 
with a diameter of 500µm is employed instead of GOF which was used 
previously by other researchers (Doyle & Fernando, 2000; Lopez-Hignera, et 
al., 1997; Rudge Barbosa, et al., 2005). Compared to GOF, POF are not only 
lighter and cheaper but also easier to handle and have higher fatigue life, 




The light intensity distribution in the fibre core varies depending on the 
launching angle of the light source. However, after propagating over a 
distance in optical fibre, the intensity distribution achieves equilibrium 
regardless of the light source launching angle. The required fibre length is 
about 15m for POF, which is much shorter compared to GOF (about 1800m) 
(Savovic, et al., 2009). To achieve the same effect, the POF can be curved 
repeatedly (i.e. using mode scrambler) with less than 1m fibre length (Arrue, 
et al., 2005). 
To measure acceleration using light intensity output, two relationships are 
essential for calibrating the accelerometer, namely (a) between acceleration 
and fibre tip displacement and (b) between fibre tip displacement and light 
intensity.  These will be elaborated in Sections 4.1.1 and 4.1.2, respectively. 
 
Figure 4.1 Schematic of optical fibre accelerometer 
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4.1.1 Acceleration-displacement relationship 
Most accelerometers are designed based on the model of a simple oscillator 
which consists of a mass M, a spring with constant K, and a damper with 
constant C as shown in Figure 4.2. The oscillator is excited at its base, which 
is the acceleration, ( )gu t , of the attached vibrating structure. For the current 
accelerometer, the cantilever fibre can be simplified as a 1-DOF oscillator 
because it is operated at frequencies much less than its first modal frequency 
and the higher modes are not excited. This section discusses the relationship 
between the position of the fibre tip ( )u t  and the acceleration ( )gu t . 
 
Figure 4.2 Schematic of simple oscillator model of accelerometer 
The governing equation of the oscillator is given by 
    ( ) ( )gMu t Cu t Ku t Mu t     (4.1) 
Assuming that the ground excitation can be expressed as   sin( )gu t A t  
where   is the excitation frequency, the solution to Equation (4.1) is given by  
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The first term in Equation (4.2) is the transient response which damps out over 
time. The second term is the steady state response which can be represented by 
its amplitude and phase 
  sin( ) /lagu t MAD t K    (4.3) 













For a system with small  and   well below ,  is negligible. Under such 
conditions,   sin( )gu t A t  is proportional to the displacement of the 
oscillator   sin( ) /u t MAD t K , that is,  
   g
K





The proportional constant can be pre-calibrated with a reference accelerometer.  
Hence, if the accelerometer measures fibre displacement, the output can be 
calibrated to measure acceleration. 
The relationship expressed in Equation (4.4) can be verified by a numerical 
model programmed in MATLAB based on Newmark’s time integration 
method (J. N. Juang, et al., 1994). The damping ratio   is taken as 0.03 as 
obtained experimentally from POF vibration, the mass M of the oscillator is 
0.01g based on the typical weight of POF. The stiffness K is calculated such 
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that the natural frequency is 130Hz. The vibrator displacement obtained from 
the numerical model is scaled by the proportion of  
 
  
  and plotted with the 
acceleration. The simulation results at a single frequency as well as multiple 
frequencies below 20Hz are illustrated in Figure 4.3 and Figure 4.4 
respectively. The percentage difference between the acceleration and scaled 
displacement is calculated with respect to the vibration amplitude. The 
amplitude of the two signals agrees well and the difference mainly arise from 
phase lag between the two signals with percentage difference of less than 2%.  
Hence when the excitation frequencies are much lower than the natural 
frequency of 130Hz, the displacement is a good measure of excitation 
acceleration.  
 
Figure 4.3 Acceleration and scaled vibrator displacement for excitation 
frequency of 15Hz 
 
 






































Figure 4.4 Acceleration and scaled vibrator displacement with multiple 
excitation frequencies at 5 12 and 20Hz  
 
4.1.2 Displacement-light intensity relationship 
The relationship between the fibre displacement and the coupled light intensity 
is a function of the refractive indices of the fibre core and the cladding, the 
diameter of the fibre R, the lateral offset d and the gap distance t (see Figure 
4.1).  The simulation of the light intensity registered by the receiving fibre in 
relation to the intensity projected from the emitting fibre is presented in this 
section.  This is then used in the design of the accelerometer.  
The analytical steady-state modal distribution within a multimode fibre cross-
section can be solved from Gloge’s power flow equation (Gloge, 1972), 
  0 0, (2.405 )exp( )
crit







where  is the angle between the ray of interest and the optical axis inside the 
fibre, z is the axial distance from the input end of the fibre, 0J  is the zeroth-
order Bessel function of the first kind, and 0  is the attenuation coefficient. 







































 is the maximum angle of light propagation in an optical 
fibre and expressed as 1sin ( / )core cladn n
 , where  
coren  and cladn  are the 
refractive index of the fibre core and cladding respectively. 
As the sensor does not require fibre with extended length connecting to the 
light source, the attenuation along the fibre (z direction) is negligible. Hence 
the light distribution within the emitting fibre can be simplified into a function 
of , that is,  








Figure 4.5 illustrates the path of an arbitrary light ray passing point E on the 
emitting fibre cross section.  
 
Figure 4.5 Schematic of light ray propagating through core/air interface and 
projected to plane at distance t  
Substituting Snell’s law and the geometrical relationship given by  
coresin( ) sin( )air airn n   (4.7) 












where r is the projected radial distance from point E, t is the gap distance, and 
airn  the refractive index of the air (1.0003) which is approximately equal to 1. 
Substituting Equations (4.7) and (4.8) into Equation (4.6), the projected 
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Figure 4.6 illustrates the emitting fibre, the projected intensity field and the 
receiving fibre in 3-D. To obtain the intensity field projected from the circular 
cross-section at the end of an emitting fibre, the latter can be discretized into 
many small areas, each considered as a point source of light. The overall light 
intensity field   FF r can be considered as a superposition of the intensity 
from many point sources each with area edA  and intensity  f r  for a 
configuration with fixed t, coren  and cladn  (see Figure 4.7).  
Figure 4.6 3-D schematic of the emitting fibre, projected intensity field and the 
receiving fibre 
Hence,   FF r can be calculated as 
Emitting fibre 
Receiving fibre 

















where Fr  
is the radial distance from the centre of the emitting fibre cross 
section (point Oe) to an arbitrary point XF where the intensity   FF r  is 
computed, er  
is the radial distance to the discretized area edA , edr  and ed  are 
the infinitesimal radial and angular variables of the emitting fibre cross section 
respectively, r  is the distance from the point source to point XF and can be 
expressed as 2 2 2 cose eF F er r r r   , eR  
and FR  
are the radii of the emitting 
fibre cross section and projected intensity field respectively. 
 
Figure 4.7 Schematic of an arbitrary point on emitting fibre cross section with 
area dAe for calculation of projected field intensity at point XF 
The intensity detected by the receiving fibre totalI  can be calculated by 













where rdr  and rd  are the infinitesimal radial and angular variables of the 
receiving fibre cross section respectively, rR  is the radius of the receiving 
fibre cross section, d (i.e. OeOr) is the lateral offset between the emitting and 
receiving fibres,
 F
r  is the radial distance in the intensity field and can be 
expressed as 2 2 2 cosr r Fr d r d   . 
 
Figure 4.8 Schematic of projected intensity field and receiving core cross-
section  
The simulation aims to find out the relationship between light coupling 
between two optical fibres        and lateral offset d. Hence        was 
computed for a range of lateral offset d. The upper limit of lateral offset 
corresponding to zero light coupling can be obtained based on Figure 4.9  as 





where R is the radius of both the emitting and receiving fibres, _air crit is the 
angle of refraction in air corresponding to critical angle θcrit in the fibre and 
can be calculated based on Equation (4.7). 
 
Figure 4.9 Schematic of maximum lateral offset between emitting and 
receiving fibres 
Figure 4.10 shows simulation results of the normalized intensity received 
plotted against the lateral offset d computed based on two plastic optical fibres 
of the same radius R, with refractive indices of 1.49 for coren  and 1.404 for cladn , 
and gap distances t of R, 2R and 4R.  
To verify the simulation results, experiments were carried out to measure the 
light coupling between two fibres at different lateral offset d. One receiving 
fibre and one emitting fibre were mounted on a high precision linear stage 
(Newport 460A-XY). The linear stage is driven manually by two orthogonal 
micrometers to control the lateral offset d and gap distance t. For a fixed t, the 
light intensity is recorded for varying lateral offset d and normalized to its 

















against d which is normalized to the diameter of fibre 2R. Experimental results 
as well as simulation results for different gap distances t=R, 2R and 4R are 
presented in Figure 4.10. 
 
Figure 4.10 Normalized intensity received vs. lateral offset/diameter (intensity 
variation characteristic curve) for various gap distance t  
The simulated results agree well with experimental results when both curves 
are normalized against the maximum value. The curve is known as the 
intensity variation characteristic (IVC) and has a significant influence on the 
design of the accelerometer. The simulation method helps to generate IVC 
curve with different parameters without the need to carry out experiment, and 
the IVC curve will be utilized further in the design for sensitivity, linearity and 
computational error which will be discussed in Section 4.2.  
Two linear regions are observed when the receiving fibre is positioned at a 
certain distance at two sides of the emitting fibre. Hence, when the receiving 
fibres are positioned at an optimal lateral offset d, relationship between fibre 





































tip displacement and light intensity can be simplified as a linear relationship. 
The design of optimal lateral offset to maximize linearity range will be 
discussed further in Section 4.2.3. 
 
4.1.3 Overall intensity-displacement relationship 
As discussed in Section 4.1.1, the external acceleration can be related linearly 
to the fibre displacement when the forcing frequency is well below the natural 
frequency of the fibre and the damping is small. As discussed in Section 4.1.2, 
the fibre displacement can be assumed linearly related to the light intensity 
when the lateral offset is designed at an optimal value. Under the above-
mentioned conditions, the light intensities from the two receiving fibres 1I  and 
2I  can be directly related to accelerations ax and ay with a linear relationship. 
Hence light intensity output from each optical fibre can be approximated as 
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where iI  is the light intensity received by a fixed fibre i  and 0iI  is the light 
intensity received by fibre i  when the cantilever fibre tip is not displaced. 
A minimum of two receiving fibres is necessary to describe a 2-D acceleration. 
Hence, Equation (4.13) can be expanded to relate accelerations ax and ay to the 
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The unknown parameters in Equation (4.14) such as I10,  I20  and elements in 
matrix IxyM can be obtained via a calibration procedure discussed in Section 
4.3. 
4.2 Design considerations 
To design the optical fibre accelerometer, there are several key parameters to 
optimize the sensor performance. For example, the frequency bandwidth of the 
accelerometer must cover the operating frequency range of the structure to be 
monitored. Similarly, the sensor should respond linearly with respect to the 
measured value within the acceleration amplitude of the structure. The 
sensitivity should be maximized and any computation error in calibration 
should be minimized. In this section, several design considerations are 
discussed in terms of sensor bandwidth, sensitivity, linearity and error in 
calibration. 
4.2.1 Operating frequency range  
Figure 4.11 illustrates a typical frequency response of a vibrating system. The 
vibration amplitude is virtually independent of the excitation frequency at the 
low frequency range, but changes steeply near its natural frequency due to 
resonance. Hence, the accelerometer should operate in the low frequency 
region to avoid signal distortion. Established guidelines specify that the useful 
bandwidth should have amplitude variation less than 5%, and for proper usage, 
the operating frequency should be below 20% of the natural frequency fn of 
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the accelerometer (Harris, et al., 1976). The modal frequencies of wind turbine 
blades are usually in the low frequency range, due to its large dimension and 
heavy mass. For a typical 5MW wind turbine, the fundamental flexural 
frequency is about 1Hz, and the fifth modal frequency is less than 20Hz (Cui, 
et al., 2010; Hansen, et al., 2006). Accordingly, the accelerometer should be 
designed with a natural frequency higher than 100Hz to have a relatively flat 
response below 20Hz. 
 
Figure 4.11 Frequency response function for a typical vibrating system 
The natural flexural frequency of a cantilever beam with circular cross-section 












where L is the length of the fibre, E is its Young’s modulus, I is its 2nd moment 
of area, w  is its mass per unit length, and nk  is a constant associated with the 
first mode of vibration. Hence for a chosen type of optical fibre, the natural 
frequency is inversely proportional to the square of the fibre length. 
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Experiments were conducted to test the natural frequency of the optical fibre 
with various lengths L for a POF with diameter of 500μm. The fibre was 
clamped by two acrylic plates tightened with screws with silicone lining in 
between to assist gripping. The cantilever fibre was given an initial 
displacement and set to free vibration from which the natural frequency was 
obtained. 
Plotting natural frequency versus (1/L
2
) yields a linear fit (Figure 4.12) 
according to Equation (4.15), with a slope that is a function of fibre 
parameters. The plot can be used to estimate the fibre length for the desired 
operating frequency range. A fibre length of 33mm was selected for a desired 
natural frequency of 130Hz.  
  
Figure 4.12 Natural frequency vs. inverse of square of fibre length for plastic 
optical fibre with diameter of 500µm 
 






























4.2.2 Sensitivity  
The sensitivity of the accelerometer can be measured by the change in light 
intensity over the displacement of the cantilever fibre tip, that is, the gradient 
of IVC curve. The gradient of IVC curve is plotted in Figure 4.13 according to 
the numerical results obtained shown in Figure 4.10. The optimal offset for the 
receiving fibres can be identified by the two locations where the curve attains 
maximum absolute values. The optimal offset is denoted as od  with value 
varies from max0.3d  to max0.4d for cases with different t. Hence, if the axis of 
each fixed fibre is placed at od  from the cantilever fibre axis, the sensitivity 
would be maximized. To ensure lower fluctuation in sensitivity, the desired 
operational fibre tip displacement must be considered which will be discussed 
in the following section on linearity range. 
 
Figure 4.13 Gradient /totaldI dr  of IVC curve versus normalized lateral offset 
 










































When the receiving fibre tip is located at do away from the emitting fibre, not 
only the sensitivity is maximized, good linearity is also achieved because the 
gradient of IVC curve remains constant. However, when the accelerometer is 
subjected to large acceleration amplitude, the cantilever fibre tip displaces 
away from the optimal location and the actual intensity variation may deviate 
from the assumed linear relationship. The range of linearity can be predicted 
theoretically using IVC curve for a given configuration. 
Figure 4.14 shows the actual intensity and the assumed linear intensity 
variation near d0. The actual intensity is obtained from numerical simulation of 
IVC curve. The linear intensity is extrapolated from location do according to 
the gradient at do. It is observed that as the cantilever fibre tip displaces with 
larger amplitude, the percentage difference between the actual intensity and 
assumed linear intensity becomes larger. The corresponding acceleration 
amplitude is computed based on the relationship between excitation 
acceleration and dynamic displacement of fibre tip shown in Equation (4.4) for 
a cantilever fibre with natural frequency of 130Hz. As shown in the 
calculation listed in Table 4.1, the linearity range is 2.4  for 0.03% error, 7.3  
for 0.5% error and 12  for 2% error. The linearity range covers the range of 
acceleration experienced of most operational wind turbine blade. Carbajo et al. 
(2011) modeled the dynamic response of a wind turbine blade under 10m/s 
wind speed and the flexure vibration acceleration measured at 72% chord 





Figure 4.14 Percentage error in intensity due to linear assumption computed 
based on simulation data for t=3R 
 
Table 4.1 Linearity range calculation based on simulation data for t=3R 
Displacement 










-0.18 0.3481 0.3382 -2.85 -12.2 
-0.144 0.3922 0.3872 -1.28 -9.8 
-0.108 0.4383 0.4363 -0.47 -7.3 
-0.072 0.4859 0.4854 -0.11 -4.9 
-0.036 0.5345 0.5344 -0.01 -2.4 
0 0.5835 0.5835 0.00 0.0 
0.036 0.6324 0.6326 0.02 2.4 
0.072 0.6807 0.6816 0.13 4.9 
0.108 0.7278 0.7307 0.40 7.3 
0.144 0.7731 0.7798 0.87 9.8 
























































Similarly, the effect of static deflection can be predicted. The static deflection 
due to self-weight of a 33mm long POF fibre is 0.015mm, which makes the 
linearity range shifted to one side and effectively reduced the linearity range. 
The acceleration amplitude and corresponding percentage error was calculated 
as per Table 4.1 and the linearity range is found to be 7.3  for 0.5% error and 
12.2  for 3% error. Although the static deflection reduces the linearity range, 
the error is not significant compared to the case without static deflection. The 
static deflection can be compensated by shifting the cantilever fibre up by the 
amount of static deflection so that the tip of the cantilever fibre is accurately 
aligned with the tip of the receiving fibres. 
4.2.4 Error in computation 
With the offset   determined to maximize sensitivity and linearity, the layout, 
that is, relative positions of the two receiving (fixed) fibres with respect to the 
emitting (cantilever) fibre, needs to be ascertained.  As shown in Equation 
(4.14), in order to compute acceleration ax and ay based on collected light 
intensity variation I1 and I2, a system of linear equations with the matrix of 
coefficients IxyM   needs to be solved. Matrix IxyM can be rewritten based on 
Equation (4.4) 
1 1 1 1
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x a y a x y MD
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 is based on the property of the cantilever fibre, D is approximately 




















can be computed based on 
the IVC curve given the offset distance of the two receiving fibres.  
      
Figure 4.15 Contour plot of condition number of matrix IxyM , when one fibre 
tip is at point Or1 ( od away from centre). Point Or2 and Or2’ denote locations of 
other fibre yielding lowest condition number  
The condition number of matrix IxyM  is a scalar parameter measuring the error 
amplification incurred when solving the system of equations. This number is 
associated with the locations of the two fibres and hence the locations can be 
chosen to minimize the computational errors. The condition number can be 
computed by first fixing the location of one fibre (say at point Or1 in Figure 
4.15) with respect to the centre Oe of the cantilever fibre with optimal offset 
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od  apart. For various positions of the other receiving fibre, the condition 
numbers are computed and their contours are constructed as shown in Figure 
4.15. The simulation results show that the optimal fibre positions for the 
second receiving (fixed) fibre should be designed od from Oe, orthogonal to Oe 
Or1, marked as Or2 and Or2’ in Figure 4.15.  When the two fibres are in other 
locations, the condition number can be as high as 10
5
, where errors in 
estimating ax and ay can be significant.  
The effect of condition number of matrix 
IxyM  (i.e. receiving fibre positions) is 
shown with two experimental calibrated results in Figure 4.16. The results are 
obtained by two optical fibre accelerometers under the same excitation 
acceleration. Due to different receiving fibre arrangement, the condition 
numbers of 
IxyM  for the two accelerometers are 3.67 and 68.7 as shown in 
Figure 4.16(a) and (b) respectively. Acceleration measured by the 
piezoelectric accelerometer is plotted in Figure 4.16(c) as a reference. Due to 
different receiving fibre arrangement, the calibrated accelerations from the one 
with higher condition number are significantly noisier.  To look into the noise 
amplitude in relation to the condition number, let         
  and   
       . A small change in   will result in an amplified change in   with a 
ratio bounded by the condition number,  
    
   
           
    





where    ,     ,     and      denotes the vector norm for  ,   ,   and    
respectively. When condition number of     is large, a small perturbation in 
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I causes a big change in a, which means that the noise components in I1 and I2 
are amplified when calibrated to ax and ay. Therefore, it is expected that the 




Figure 4.16 Calibrated acceleration obtained by optical fibre accelerometer 
with (a) low,  (b) high condition numbers of IxyM  and (c) acceleration obtained 
by reference accelerometer  
 
Figure 4.17 illustrates the designed arrangement of the fibre positions which is 
optimal with respect to the sensitivity, linearity, and error in computation. The 
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Calibrated acceleration (condition No.=68.7)
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two receiving (fixed) fibres are both arranged with offset od  
away from the 
emitting (cantilever) fibre and along orthogonal directions from the emitting 
fibre location. The two receiving fibres are in contact with each other to 
minimize their lateral offset with the emitting fibre (i.e. 1e rO O  and 2e rO O ), 
which maximizes the signal strength, that is, the amplitude of I1 and I2. Hence 
the geometric relationship yields 
2od R  
(4.18) 
The optimal offset do is related to dmax (see Figure 4.13), 
max( )od t d  (4.19) 
where γ(t) is a coefficient with values ranging from 0.3 to 0.4 depending on 
the gap distance t. 
Substituting Equations (4.12), (4.19) into (4.18) gives  
_( 2 2 ( )) / tan( )air critt t R    
(4.20) 
By simulating the IVC gradient curve for several t values and finding the 
corresponding coefficient , the value of   is found after a few iterations to be 
0.38 while t is 0.75mm with fibre radius R taken as 250µm. The sensor 




Figure 4.17 Schematic arrangement of receiving fibres with respect to position 
of emitting fibre 
Table 4.2 Designed accelerometer parameters 
Type of optical fibre Multimode step-index PMMA 
Fibre diameter 500µm 
Cantilever fibre length 33mm 
Designed natural frequency 130Hz 
Gap distance t 0.75mm 
Lateral offset d 0.35mm 
 
4.2.5 Misalignment of fibre tips 
The accelerometer configuration is designed by the optimal alignment of fibre 
tips but the actual alignment may deviate from the designed optimal position 
due to fabrication tolerance. Since the fibre alignment is crucial to the overall 
accelerometer performance, this section gives expected tolerance of fibre tip 












fibre cross section 





The measured acceleration ax and ay are computed based on Ix and Iy using 
Equation (4.14). The values of MIxy, I10 and I20 in the equation are calibrated 
based on a given accelerometer after fabrication. Hence the misalignment 
caused in the shift in ax and ay is taken into account during calibration.  
There are two major effect in misalignment of fibre tips, namely linearity 
range and error amplification. The linearity range will be reduced due to 
deviation from optimal offset d0. The condition number is also higher and 
hence the error involved in computing acceleration from intensity outputs is 
amplified. 
The misalignment mainly arises from machining tolerance of casing for fibre 
installation. Precision machining can achieve tolerance of ±12.5μm and 
normal machining has tolerance of about ±50μm to ±100μm (Hoffman, et al., 
2014). 3D priniting technology can produce ABS plastic components with 
resolution from 16 to 40 μm (Evans, 2012). Hence the effect of misalignment 
was computed for linearity and error amplification based on IVC curve, with 
misalignment ranging from 12.5μm to 100μm from the optimal offset. The 
acceleration was computed to up to about 5g, which was the peak acceleration 







Table 4.3 Linearity range for offset deviates from the optimal offset d0 by 







Percentage error for different offset from optimal 
position 
0 μm 12.5μm 25μm 50μm 100μm 
-0.075 -5.1 -0.13 -0.22 -0.32 -0.53 -1.05 
-0.05 -3.4 -0.03 -0.07 -0.11 -0.19 -0.40 
-0.025 -1.7 0.00 -0.01 -0.02 -0.04 -0.09 
0 0.0 0.00 0.00 0.00 0.00 0.00 
0.025 1.7 0.01 0.00 -0.01 -0.02 -0.06 
0.05 3.4 0.05 0.02 -0.01 -0.07 -0.21 
0.075 5.1 0.15 0.09 0.03 -0.10 -0.40 
 
The linearity range was computed for different offset between the emitting and 
receiving fibre as shown in Table 4.3. When there is no misalignment (two 
fibres are d0 apart), the percentage error due to linear assumption is less than 
0.15% for acceleration up to 5.1g. The percentage error increases as the 
misalignment increases. When the misalignment is 100μm, the percentage 
error is about 1% for acceleration up to 5.1g. 
The condition number of MIxy is computed and plotted in contour in Figure 
4.18. The two receiving fibres are assumed to be at point (d0, 0) and (0, d0). 
And the location of the emitting fibre takes a range of value between -100μm 
and 100μm in both x and y axis. The results show that the condition number is 
larger than 1 when the emitting fibre location deviate from the optimal 
position and the maximum condition number is 1.7 when the misalignment is 




Figure 4.18 Condition number for offset deviates from the optimal offset d0 by 
12.5μm to 100μm 
 
4.3 Sensor calibration 
4.3.1 Calibration procedures 
To compute the acceleration based on light intensity output of the 
accelerometer, matrix IxyM  and  01 02
T
I I  in Equation (4.14) needs to be 
determined through a calibration process. To illustrate the process, the IVC 
curve was plotted in three dimensions as shown in Figure 4.19, where vertical 
axis denotes the amplitude of receiving light intensity and the two horizontal 
axes denote the x  and y  accelerations which are proportional to x and y 
displacements. The elements in IxyM , namely 1 / xI a  , 1 / yI a  , 2 / xI a   


























































































each of the receiving fibre position. Similarly, 01I  and 02I  are the amplitude of 
the light intensity at the positions of the receiving fibres. These coefficients 
can be obtained using multiple linear regression by fitting the intensity I with 
respect to accelerations ax and ay. The shaker provides 2-D acceleration with 
coupled x  and y  components, where the corresponding plot of I  versus ax 
and ay forms a linear pattern as shown in Figure 4.19. Hence, two calibrations 
along different directions are necessary to obtain two sets of linear pattern in 
order to define the tangential plane. In the following calibration scheme, two 
sets of data are obtained with two arbitrary orthogonal shaking directions. 
 
Figure 4.19 Intensity field projected by an emitting fibre located at (0, 0) and a 
tangential plane near a receiving fibre position (at (0, 0.35)) which is obtained 



























































Centre of receiving fibre
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The calibration scheme is proposed in two steps, namely data collection and 
data processing as summarized in Table 4.4. 
One advantage of the calibration scheme is that the shaking directions are not 
limited to x and y axis but to any two (preferably orthogonal) directions. In 
fact, when the accelerometer is subjected to uncoupled x and y accelerations, 
calibration can be done with one set of data without rotation of the shaker, 
because data obtained from uncoupled x and y acceleration forms a plane 
when plotted in 3-D. In practice, in-situ calibration is possible without 
dismounting the sensor from the structure. 





Set the accelerometers in one shaking direction and collect the 
output from the two channels of accelerometer I1 and I2, as 










Using multiple linear regression to fit intensity I1 to 
accelerations ax
 
and ay, based on data collected from steps 1-1 
and 1-2. The fitted plane is expressed as 
 
    1 1 2 3x y
aI b b ba    
where b1, b2 and b3 are regression coefficients and are 
equivalent to coefficients 





2 / xaI   , 2 / yaI  and 20I  can be obtained 









4.3.2 Experimental setup 
The designed accelerometer was tested using the set-up shown in Figure 4.20. 
The optical fibre accelerometer was attached together with a reference bi-axial 
piezoelectric accelerometer on a platform connected to a shaker to produce 
linear horizontal excitation. To facilitate producing 2-D excitations (x and y 
components) on the accelerometer with the 1-D shaker, the platform was made 
rotatable in plan for calibration and testing purposes. The voltage outputs from 
the two accelerometers were captured via an oscilloscope.  
 
Figure 4.20 Schematic of calibration set-up 
4.3.3 Calibration results 
Calibration results of the prototype are shown in Figure 4.21. The two plots 
were obtained for channels 1 and 2 of the optical fibre respectively. Each plot 
was obtained by multiple linear regression based on two sets of data in two 
orthogonal shaking directions, which are shown as two sets of linear pattern in 
the plot. Multiple linear regression analysis was performed to compute the 
coefficients of the fitted plane. Average values were obtained from four sets of 
calibration data as tabulated in Table 4.5. The condition number of matrix 

















from alignment of fibres slightly deviating from the designed position (Figure 
4.17) due to limitations in fabrication techniques in the laboratory 
 
 
Figure 4.21 Multiple linear regression of intensity I1 and I2 versus ax
 
and ay 
with fitted plane 
Table 4.5 Calibration of I1 and I2 with respect to x and y accelerations 
Data Set ∂I1/∂ax ∂I1/∂ay I10 ∂I2/∂ax ∂I2/∂ay I20 
Set 1 -0.00534 0.00002 0.03585 -0.00200 0.00210 0.01695 
Set 2 -0.00521 -0.00015 0.03580 -0.00209 0.00192 0.01694 
Set 3 -0.00518 0.00003 0.03584 -0.00215 0.00222 0.01696 
Set 4 -0.00525 -0.00016 0.03581 -0.00178 0.00182 0.01693 










































Having obtained the calibration coefficients, Equation (4.14) can be used to 
compute the accelerations ax and ay based on the output intensities of the 
optical fibre accelerometer I1 and I2, when an unknown excitation is exerted 
on the structure. To test the accuracy of the computed accelerations, they were 
compared to the output from the reference accelerometer. The data was 
collected with the platform fixed at an arbitrary angle. The shaker was excited 
following a sinusoidal function at 27Hz which is well below its designed 
natural frequency of 130Hz. 
The signal of the reference accelerometer and that of the optical fibre 
accelerometer were compared in Figure 4.22 where the later was converted 
from voltage value to acceleration using Equation (4.14). The computed 
accelerations agree well with the reference acceleration for which a small 
phase lag of 0.0004 second has been compensated for comparison purpose. 
Phase lag is a function of the ratio between operating frequency and natural 
frequency as shown in Equation (4.6). The computed acceleration lags behind 
reference acceleration due to the lower natural frequency (130Hz) of the 
designed accelerometer compared to that of the piezoelectric reference 
accelerometer (35kHz). The small phase lag may not affect the application of 
the sensor to structural health monitoring because most damage detection 
methods do not compare the structure response in time domain but in 
frequency domain or in the form of modal parameters. Hence it is to 
compensate the small phase lag as long as the amplitude and frequency of the 





Figure 4.22 x and y accelerations obtained from optical fibre accelerometer 
and reference accelerometer with input excitation at 27Hz 
To test the performance of the accelerometer in other directions, the platform 
was rotated to different angles with respect to the shaking direction. The 
shaker was excited with a sinusoidal variation having a constant amplitude and 
a frequency of 27Hz.  Eighteen sets of data were collected when the platform 
was aligned at angles ranging from -20° and 70°.  The platform angle was also 
computed for each data set and compared with the reference outputs, plotted in 
Figure 4.23. The results show good agreement, where the differences between 

























































the angles calculated from optical fibre accelerometer and reference 
accelerometer range from 0.01° to 2.01° with a mean value of 0.85°.  
 
Figure 4.23 Computed angle of vibration based on optical fibre accelerometer 
and reference accelerometer (excited at 27Hz) and the difference between 
them 
4.4 Concluding remarks 
In this chapter, a bi-axial optical fibre accelerometer was developed for wind 
turbine monitoring. The sensor was fabricated from intensity-modulated 
optical fibre, which is low-cost, lightweight and simple in design. The bi-axial 
acceleration was measured by light intensity coupling between a cantilever 
fibre and two receiving fibres. The simulation of the light coupling presented 
illustrates a design tool where different types of fibres and dimensions may be 
investigated to meet the desired performance requirements. The parameters of 





























































the optical fibre accelerometer are designed to maximize linearity, sensitivity 
and minimize errors in calibration.  The calibration scheme was discussed and 
validated experimentally. The fabrication and testing of the designed 
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Chapter 5 Fabrication and Testing of Bi-axial Optical Fibre 
Accelerometer 
 
5.1 Sensor fabrication 
5.1.1 Sensor structure and detection system 
The prototype employs step-indexed POF made from PMMA with diameter of 
500µm. The optical fibres are enclosed in a plastic casing made by 3-D 
printing. Silicon tube was used as jacket to secure the bonding. The whole 
device measures 40mm long, 6mm high and wide, and weighs about 1.5 grams. 
The dimensions of the cantilever beam and the relative position between 
emitting and receiving fibres are calculated to ensure low error amplification, 
high sensitivity and linearity of the sensor response (see  
Figure 5.1). A fabricated prototype is shown in Figure 5.2. 
 








Figure 5.2 Fabricated accelerometer with 3D printing casing compared to a 
25mm diameter coin 
The emitting fibre was connected to an LED light source with peak 
wavelength at 660nm, powered by 3V batteries. Four fibres were bundled at 
the receiving end to ensure alignment and the output signals were taken from 
two adjacent receiving fibres and transmitted through optical fibres to a 
customized photodetector box. The photodetector box utilized photodiodes 
(TAOS TSL250R) which contains a build-in op-amp circuit to amplify the 
photocurrent. The photodiodes were powered by 5V batteries and produced an 
output signal up to 3.3V. Photodiodes were chosen over other types of 
photodetector (such as phototransistor and photoresistor) due to its fast 
response time, and low sensitivity to temperature variation and 
electromagnetic interference. 
The biggest challenge in fabrication is to achieve the desired alignment 
between the emitting and receiving fibre tips. This can be done by measuring 
the light intensity outputs of the four receiving fibres. When the emitting fibre 
is in the desired position, the light intensity levels in the four receiving fibres 
are equal. The prototype can be improved with the availability of precision 
machining such as computer numerical control (CNC) machining, water-jet or 
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laser cutting, which can achieve tolerance of 10
-3
 mm or higher. To obtain 
good sensor measurement, the cantilever segment of the POF must be straight. 
A fibre preparation procedure is introduced in the following section to achieve 
this.  
5.1.2 Stress relieving for POF  
POF was mostly manufactured by extrusion of melt polymer. By controlling 
the temperature and flow rate, the polymer is extruded into fibre of desirable 
diameter and wound into spools for easy storage. This creates an unwanted 
issue as it causes the POF to be slightly curved when unwind from the spool, 
due to residual stresses during the heat extrusion process.  This may 
complicate the POF installation process in constructing the accelerometer.  
Hence before installing into the accelerometer, the POF needs to go through a 
heat-assisted stress-relieving process named annealing. Annealing is widely 
used in metal, glass and plastic products to remove internal stresses. The 
annealing process involves holding the POF straight under a heating cycle and 
the steps are detailed below. 
1. Place the POF in tension with reference to a stainless steel ruler and fix 
to an aluminium plate using high temperature polyester tape to hold the 
two ends of the fibre. 
2. Place the set-up in an air-circulating oven at room temperature. The 
oven should be dry and enclosed to maintain a constant humidity. 
3. Raise the oven temperature at a rate no greater than 2ºC per minutes, 
until it reaches the annealing temperature of 70ºC 
4. Maintain the temperature at 70ºC for 24 hour  
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5. After 24 hours, cool down to room temperature at a rate not exceeding 
2 ºC per minutes. 
The annealing time, heating and cooling rate are taken from the standard 
procedure based on the fabrication manual provided by the manufacturer 
(Curbell Plastics, 2006) and the annealing temperature chosen is based on the 
upper limit of temperature which do not affect optical property of POF  










The procedure was found to be effective for the POF used in the experiment. 
The annealed POF was verified to be straight with reference to parallel lines 
with 1mm spacing and the discrepancy was less than 1mm for POF with 
length of 1m. Pictures of the POF before and after annealing are shown in 
Figure 5.3.  
 
5.2 Testing of accelerometer performance 
To evaluate the performance of the fabricated accelerometer, a shear-type 
piezo-electric accelerometer manufactured by Dytran Instruments Inc. is used 
as a reference. The two accelerometers are attached together to a shaker or a 
vibrating structure and their performances are compared in terms of their 
frequency response and linearity. 
5.2.1 Response to excitations with single and multiple frequencies 
Figure 5.4 shows a bi-axial measurement under sinusoidal excitation of a 
shaker. The output of the optical fibre accelerometer was compared to the 
reference piezoelectric accelerometer readings and the results are used for 
calibrating from raw voltage output of the POF accelerometer values to 
acceleration equivalent in   (9.81m/s2). The output of the optical fibre 
accelerometer and piezoelectric accelerometer matched each other well in both 




Figure 5.4 Response of optical fibre accelerometer and reference 
accelerometer of excitation acceleration at 27Hz in (a) time and (b) frequency 
domain 
Due to the lower natural frequency of the optical fibre accelerometer, the 
computed acceleration lagged behind the reference signal by 0.0004 seconds, 
and this phase lag has been compensated in plotting the graph for better visual 



























































































comparison. The two responses agree well in general except for small 
discrepancies in localized areas. Discrepancies occur mainly at the peak of the 
sinusoidal curve where sharp changes of the reference signal were observed 
but not in the signal of the optical fibre accelerometer. These abrupt changes 
of acceleration may arise from uneven bearings between the moving shaker 
platform and the base. These high frequency components are not detected by 
the optical fibre accelerometer as high frequencies are not captured due to its 
limit in dynamic response. For structural monitoring purposes, this 
discrepancy may not be a significant concern. Noise level is not significant 
compared to the reference signal despite the slight inaccuracy in fibre 
alignment resulting in higher condition number (3.67 instead of 1). With the x  
and y  acceleration components, the amplitude and angle of the resultant 
acceleration were computed to be 0.199g and 50.8°, which agree reasonably 
well with the values of 0.193g and 50.5° from the reference signal. 
To test the response to an excitation with multiple frequencies, the optical 
fibre accelerometer was attached with a reference sensor to an aluminium 
beam and subjected to a wind load. The results in both time and frequency 
domains are presented in Figure 5.5. The output of the optical fibre 
accelerometer and piezoelectric accelerometer matched well in time domain. 
In frequency domain, the two signals produces identical peaks in terms of 
frequency, while the amplitude of optical fibre signal overlaps with the 
reference signal at low frequency, but decreases as frequency becomes higher. 
The low amplitude for optical fibre accelerometer is expected when the 
excitation frequency goes beyond the natural frequency of the optical fibre 
accelerometer. The modal frequencies of the beam excited by the wind loading 
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can be clearly identified from both accelerometers. These results imply that the 




Figure 5.5 Response of optical fibre accelerometer and reference 
accelerometer of cantilever beam response under wind excitation in (a) time 
and (b) frequency domain 
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Reference response from piezoelectric accelerometer





5.2.2 Frequency response  
To verify the performance of the accelerometer under a range of excitation 
frequencies, the dynamic response of the sensor to external excitation is 
examined.  The frequency response was measured in terms of the amplitude 
and phase of the output compared to the input as a function of excitation 
frequency. Because the two intensity outputs of the bi-axial accelerometer are 
due to the displacement of one cantilever fibre, the frequency response of only 
one axis is tested. The results for the other axis are identical. 
The accelerometer was excited by a shaker repeatedly, each time at a fixed 
frequency.  For each set of results, the output of the optical fibre accelerometer 
was compared to that of the reference accelerometer in terms of amplitude and 
phase difference.  Frequencies of up to 240Hz in steps of 5Hz were used. 
The amplitude of the voltage output from the optical fibre accelerometer was 
normalized by the input acceleration amplitude as shown in Figure 5.6a. The 
response at lower frequencies is almost flat but rises and falls sharply from 
120 to 150Hz due to resonance near the natural frequency. The natural 
frequency of the accelerometer is obtained by the  frequency corresponding to 
the peak of the curve.  This is found to be 135Hz, which is close to the 
designed natural frequency of 130Hz. The sensitivity of the proposed sensor is 
virtually constant at about 0.3V/  up to 60Hz, with variations within 5%. 
Hence, the optic fibre accelerometer is accurate in terms of amplitude when 
the frequency range of interest is below 60Hz.  
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Figure 5.6b illustrates the phase difference between the optical fibre output 
and that of the reference accelerometer. The two signals are generally in phase 
at lower frequency and becomes out of phase as the frequency increases 
beyond the natural frequency.  The phase lag is less than 5º for frequencies 
below 120Hz. Hence the performance of the accelerometer is more accurate 
when the frequency range of interest is below 120 Hz. The presence of higher 
frequency components may distort the sensor output in time domain. 
The frequency bandwidth of 60Hz for the designed accelerometer is sufficient 
for most large engineering structure such as wind turbines. For applications 
involving larger frequency range, the sensor parameters can be designed with 
higher natural frequency by increasing the natural frequency with shorter fibre 
length or higher fibre stiffness. However for such designs, the sensitivity will 
be compromised due to higher stiffness of the vibrating fibre which leads to 
lower displacement per unit acceleration. When the sensitivity is not sufficient 
for monitoring purposes, a signal conditioning circuit can be integrated with 
the photo-detector to improve the signal-to-noise ratio, as commonly 





Figure 5.6 (a) Output amplitude and (b) phase lag of optical fibre 
accelerometer vs. excitation frequency 
5.2.3 Linearity 
The linearity range was predicted theoretically in Section 4.2.3. To test the 
linearity range experimentally, the optical fibre accelerometer was attached 
with the reference accelerometer on a shaker and excited repeatedly with 




























































progressively higher amplitude. For each set of data, the outputs of both 
accelerometers are recorded and the ratios of their amplitudes are plotted in 
Figure 5.7. A frequency of 27Hz was chosen which lies within the bandwidth 
of the accelerometer and close to the range of the frequencies of a wind 
turbine. The maximum amplitude of acceleration achievable is limited due to 
the short stroke length of the shaker (1.27cm) and the low excitation frequency. 
Although a larger range of acceleration cannot be tested due to the limitation 
of the shaker, the linearity range of up to 12  (2% error) has been estimated in 
Section 4.2.3 which covers the amplitude range of most operating wind 
turbines. 
 
Figure 5.7 Linearity of optical fibre accelerometer output at 27Hz 
The linearity for a few other frequencies was tested up to 0.6  as shown in 
Figure 5.8. The ratio between the optical fibre amplitude and the reference 
accelerometer amplitude remains constants for lower frequencies at 13, 30 and 
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50Hz but increases at higher frequencies (85Hz and 100 Hz). The results are 
consistent with the frequency response of amplitude (Figure 5.6b), which 
remains stable for frequencies below 60Hz. 
 
Figure 5.8 Linearity of optical fibre accelerometer output at multiple 
frequencies 
 
5.3 Modal analysis of cantilever beam using optical fibre accelerometer 
In this section, the designed optical fibre accelerometers are used to monitor a 
cantilever beam as a simplified model blade under wind excitation. The 
objective of the experiment is to demonstrate the performance of the designed 
accelerometer and to verify its sensing capability with reference to commercial 
piezoelectric accelerometers for extracting modal parameters from a vibrating 
beam under wind excitation.  





































The operational modal analysis (OMA) allows estimation of the modal 
parameters of a structure without measuring the input forces. As wind turbines 
are constantly under wind excitation, OMA allows practical monitoring 
without the need to introduce or measure external excitations. The modal 
properties obtained by OMA such as frequencies, mode shapes and damping 
ratios are functions of the structural properties and can be used to monitor 
damage with vibration-based damage detection methods. 
There are several modal identification methods relying on only the output 
response which can be used for OMA. The power spectral method and 
frequency domain decomposition are performed in the frequency domain. The 
time domain methods include the eigensystem realization algorithm (ERA), 
stochastic subspace identification (SSI) and the Ibrahim time domain method 
(ITD).  The time domain methods are found to be more accurate for noisy 
signals and effective in identifying closely spaced modes (Jin-Hak & Chung-
Bang, 2004). Siringoringo and Fujino (2008) investigated the accuracy and 
efficiency of two output-only system identification methods which are random 
decrement method (RDM) combined with ITD and natural excitation 
technique (NExT) combined with ERA and the later was found to be more 
practical and efficient especially for multi-channel measurement.  Hence, 
NExT-ERA is adopted for the current study. 
5.3.1 Methodology 
ERA is a popular and effective method to compute modal parameters of linear 
systems with multiple inputs and outputs. The technique uses Singular Value 
Decomposition (SVD) to identify the modal parameters from system response. 
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The process requires the impulse response (free response) of the structure 
computed based on the input and output of the system, which is also known as 
the Markov parameters. The Natural Excitation Technique (NExT) (G. H. 
James, 1994) allows the Markov parameters to be computed based on only the 
output of a structure under random loadings. The following sections briefly 
summarize the output-only NExT-ERA method based on the works of Juang 
et al. (1994b; 1985) and James et al.(1995; 1994). Section 5.3.1.1 elaborates 
the process of NExT which computes the Markov parameter based on system 
response to random excitation and Section 5.3.1.2 summarizes the ERA 
procedure which generates modal parameters. 
5.3.1.1 Natural Excitation Technique 
ERA technique requires information of both input and output data, but in 
practice, the input excitation is often difficult or even impossible to measure. 
James et al.(1995; 1994) proposed the NExT to extract modal information 
with stochastic input excitation. He demonstrated that the cross correlation of 
a nodal response with a reference response can be treated as free response data. 
Consider the equation of motion of a system with multi-degrees of freedom. 
                         (5.1) 
where      is a   1 displacement vector,      represents the input force and 
M, C and K are the mass, damping and stiffness matrices respectively. 
Assuming the excitation and responses are both stationary random processes, 
Equation (5.1) can be written in the form of stochastic vector process 
                         (5.2) 
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where      is the stochastic displacement vector process and      is the 
stochastic excitation vector process. A reference displacement vector       is 
an   1 displacement vector obtained from the structure at a non-nodal point. 
The corresponding scalar response process       is used to post-multiply 
Equation (5.2), and the expected value of each side yields 
                                           (5.3) 
where      denotes a vector of correlation functions. As the excitation is 
uncorrelated with the responses, Equation (5.3) is equivalent to 
                             (5.4) 
Hence the correlated response satisfies the homogeneous differential equation 
of motion, and the cross correlation of      and       can be treated as free 
response data. The Markov parameters in ERA is in the form of free response, 
which means the correlated response         can be considered as Markov 
parameters and be used to construct the Hankel matrix directly as the input of 
ERA. 
The application of NExT removes the requirement of input excitation for ERA. 
It only requires responses from nodal sensors and a reference sensor. The 
reference sensor location should not be chosen at any of the nodal points as the 
mode corresponding to the node will not be observed (Radzienski, et al., 2009). 
The NExT methodology assumes that the response of the system is random, 
stationary and uncorrelated which are difficult to achieve in practice. Several 
researchers (Qi, et al., 2008) found that larger data records improves the 
stability and consistency of the results and that satisfactory results can be 
obtained even when the assumptions are not strictly satisfied. NExT has been 
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successfully applied to structures with general wide-band random excitation 
such as wind, earthquake, and traffic loads (Jin-Hak & Chung-Bang, 2004).  
5.3.1.2 Eigensystem Realization Algorithm 
The ERA computes the system matrices [A, B, C] from the Markov 
parameters    which denote the impulse response function or free response of 
the structure (i.e.         shown in Section 5.3.1.1). The Markov parameter 
can be generated from NExT based on ambient response. Firstly, a generalized 
Hankel matrix with dimension          are constructed 





             
             
    





where m is the number of observations, r is the number of input vectors. 
The singular value decomposition is applied to split the Hankel matrix when 
k=1, 
          (5.6) 
where the columns of the matrices R and S are orthonormal and   is a 
rectangular diagonal matrix. 
By selecting number of modes 2n and ignoring higher order modes, the 
minimum realization is obtained 
     
 
 
    
           
 
 
     
      
 
    
  
      
           
   






where     and     are the first 2n columns of R and S,     is the first 2n by 
2n elements of  ,     is defined as                      
  and    is 
defined similarly.   
Finally the system realization [A, B, C] can be then transformed to [Λ, Ψ -1B, 
CΨ] in which Λ and Ψ are the eigenvalues and eigenvectors of matrix A 
respectively. The modal parameters can be identified from the transformed 
realization [Λ, Ψ-1B, CΨ]. The modal damping rates and damped natural 
frequencies are the real and imaginary parts of the eigenvalues Λc, which is the 
transformation of Λ to the continuous domain, CΨ defines the mode shapes at 
the nodal points. Since the system matrices A, B and C are of size       
and the eigenvalues are in the form of complex conjugate pairs, totally n sets 
of modal parameters will be obtained. 




Figure 5.9 Flowchart for ERA 
 
 
5.3.2 Experimental set-up 
An aluminium beam was clamped horizontally at one end, with nine sensors 
attached along the beam. Eight of the sensor node locations were evenly 
distributed and one reference node location was chosen as required by the 
NExT algorithm. The dimensions and sensor node locations are illustrated in 
Figure 5.10. At each node location, one optical fibre accelerometer and one 
piezoelectric accelerometer were attached. Since the vibration modes are 
mostly flexural, the bi-axial optical fibre accelerometer was made to measure 
Markov parameters 
(Impulse response functions obtained from NExT) 
Hankel matrix H(0) 
Singular values 





State Matrix A Input matrix C Output matrix B 
Eigensolution 
Mode shapes Natural frequencies 




in one direction only. The accelerometers were connected to an oscilloscope to 
record the time response with sampling rate of 1kHz/s for a duration of 10s. 
Two standing fans were used to provide wind excitation over the entire beam 
span.  
 
Figure 5.10. Schematic of cantilever beam and sensor locations 
 
5.3.3 Experimental results 
Firstly, the frequency distribution of the structure response is evaluated by 
processing the data from nine reference sensors using Fast Fourier Transform 
(FFT). The results plotted in Figure 5.11 with each data set spaced out 
vertically to show the peaks clearly. The first 5 modal frequencies can be 








 mode shows consistent and 
distinct local peak in terms of frequency amplitude, while the the 4
th
 modal 
frequency cannot be clearly identified with two or three local peaks with 
similar amplitude. The 4
th
 mode may not be fully excited due to the wind 
distribution and sensor wiring attached to the beam, hence this mode may not 
be identified by NExT-ERA method. 
reference node sensor 
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Figure 5.11 Frequency distribution based on output from 9 reference 
accelerometers processed using FFT  
For time domain methods such as ERA or SSI, a system matrix (i.e. A, B and 
C) chosen with size 2n will yield n sets of modal parameters (frequency, mode 
shape and damping). As the system order 2n increases, more sets of modal 
parameter will be generated which contains both real modes and spurious 
modes. The real modes represent the physical characteristics of the structure 
while the spurious modes are generated due to noise and numerical errors, and 
thus they do not have any physical meanings. To differentiate real physical 
modes from noise modes, a common and effective practice is to plot the 
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results in a stabilization diagram to facilitate selection. The process involves 
running modal identification methods such as ERA repeatedly using one set of 
experimental data, each time with increasing system order. When plotting the 
results in a diagram, the real physical modes should appear with consistent 
frequency, acceptable mode shapes and reasonable ratios damping regardless 
of the order of system chosen. 
As shown in Figure 5.12, the identified modes are plotted in a graph with 
horizontal axis representing the frequency and vertical axis representing the 
order of system. Each row of results denotes the frequencies of nodes 
identified by ERA with certain order of system (2n). When the frequencies of 
modes are plotted, three criterion are used to filter the noisy modes from real 
modes, namely: damping ratio, mode shape and frequency.  The modes are 
colour coded, depending on whether the criteria is met.  A legend of these 
colour codes are provided in Figure 5.12. 
 Firstly, the damping ratio must be positive to have a physical meaning 
and be less than 0.1 as a reasonable range for common structures. The 
modes damping ratio satisfies the abovementioned criteria are denoted 
by a blue hollow circle in the plot. 
 Secondly, the mode shape must be similar to the analytical mode shape 
with a Modal Assurance Criterion (MAC) value close to 1. MAC is a 
coefficient measuring correlation between two mode shapes    and    
and calculated as  
           
   
    
 
   
       




MAC attains value 1 for two identical mode shapes and value 0 for two 
orthogonal (i.e. dissimilar) mode shapes. The MAC are compared with 
the analytical mode shapes and the matched modes are marked with 
solid dots with different colors namely, magenta, green, blue, black 




 modes respectively, while those do not match 
any modal frequencies are denoted by cyan. The consistency of mode 
shape depends on the quality of response data and the accuracy of the 
analytical model, hence the MAC values may not be equal or close to 1. 
A threshold MAC is chosen to reveal modes at corresponding modal 
frequency to differentiate them from modes with similar frequency, but 
not mode shape. After testing a few values, the threshold MAC value is 
chosen to be 80% for all modes except the 1
st
 mode, which has less 
consistent mode shapes and the threshold value is lowered to 60%.   
 Finally, the modal frequency should appear consistently over the 
modal order of 2n. The frequencies are compared to analytical modal 
frequencies and those with less than 5% difference are identified as 
consistent modal frequencies (bounded by two vertical lines) and used 
for computation of overall modal frequency. 
Figure 5.12 shows that the results from optical fibre accelerometers yield 
comparable stability diagrams with that from the reference piezoelectric 
accelerometers, showing consistent frequencies, MAC and damping. Four 








 modes can be 
clearly identified from both diagrams. The 4
th
 mode was observed only by 
the piezoelectric accelerometers with low amplitude and inconsistent 
frequencies, which agree with the FFT results. Hence, the 4
th
 mode may 
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not be fully excited and was not captured by the optical fibre 





Figure 5.12 Stability diagram based on data from (a) reference accelerometers 
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To compare the consistency of the identified modal parameter of the two types 
of accelerometers, 10 sets of time response data are extracted from the 9 
optical fibre accelerometers as well as the reference accelerometers. Due to 
limited number of input channels of the oscilloscope, the data from the optical 
fibre accelerometer and reference accelerometer were recorded separately. For 
each set of data, a stabilization diagram is plotted and the corresponding 
modal parameters are identified. Table 5.1 shows that the optical fibre data 
shows similar level of standard deviation compared to the reference data. The 
deviations in modal frequencies might due to variation in response due to the 
random excitation. The average modal frequencies between optical fibre data 
and reference data differ by less than one standard deviation. The t-tests are 
performed on the sampling distribution of the difference between the two mean 
values at a significance level of 0.05, indicating that there is no significant 
difference between the modal frequency obtained by piezoelectric accelerometer 
and the optical fibre accelerometer. 
Table 5.1 Average modal frequencies (Hz) of 10 sets of data obtained from 
reference accelerometers and 10 sets of data from optical fibre accelerometers 
  
1st mode 2nd mode 3rd mode 5th mode 
Reference 
accelerometer 
Modal frequency 0.893 4.843 14.570 45.853 
standard deviation 0.0864 0.1927 0.2648 0.2415 
Optical fibre 
accelerometer 
Modal frequency 0.890 4.996 14.732 45.930 
standard deviation 0.0501 0.3149 0.2960 0.2425 
Independent t-test 
(α=.05) 
t(18)critical=2.101 -0.1107 1.3085 1.2901 0.7036 




The mode shapes obtained from reference and optical fibre accelerometer data 









 mode shape respectively. Hence the mode shapes 
obtained by two types of accelerometers are consistent for the first three 




Figure 5.13 Average mode shapes obtained from (a) reference accelerometers 
and (b) optical fibre accelerometers 
Several factors may account for the discrepancy in measurement of the first 
mode shape. Firstly, the piezoelectric accelerometers may not perform well for 
low frequency measurement due to the use of preamplifiers. The preamplifier 





One function of a preamplifier is to remove the DC components with a high 




Figure 5.14 (a) Time response, (b) mean and standard deviation from output of 
reference accelerometer at node 4 
Secondly, ERA assumes a stationary excitation which may not be realized in 
the experimental condition. A response is considered stationary if all moments 
do not vary with time (Bendat, et al., 2011). Hence a first check on the 
stationary of the response can be performed by examining the first two 













































moments of the signal (i.e. mean and standard deviation) (Caicedo, 2011). The 
mean and standard deviation of a selected reference accelerometer (at node 4) 
is plotted in Figure 5.14. The results are computed with window size of 4 
seconds over the entire recorded time. The window size is chosen to be 4 
times larger than the period of the first mode to cover several periods of 
vibration. The mean and standard deviation computed is not a constant but 
varies with time. The frequency of the variation is close to the first mode 
frequency (0.89Hz) and hence may affect the mode shape of the first mode. 
The results of NExT-ERA can be improved in several ways. Firstly, longer 
data can be recorded and used in ERA to include more cycles of vibration. 
This will particularly improve the identification of the lower modes because 
the lower modal frequencies correspond to longer period. Storage of longer 
data may require a reduced sampling frequency. The sampling frequency 
should be selected at least double of the highest modal frequency of interest 
according to the Nyquist criterion. Secondly, the position of the reference 
sensor may affect identification of certain mode if the reference sensor is 
located near a node of vibration. To improve accuracy, it is possible to attach 
multiple reference sensors and plot the identified modes in similar approach as 
the stability diagram to improve accuracy. Further work could consider the 
above-mentioned points to improve the accuracy of mode shape measurement. 
But for the purpose of SHM, the mode shape may be less attractive to be used 
due to the complex procedure and the low accuracy of measurement compared 
to modal frequencies.    
The modal damping ratio was not presented in this study due to two reasons. 
Firstly, ERA and other output-only methods are not very accurate in damping 
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measurement especially for signal subject to noise. Yi and Yun (2004) 
evaluated six different output-only methods and yield fairly consistent natural 
frequencies (with 3.4% coefficient of variation) but not for damping ratios 
(with 10-52% coefficient of variation). Among the six methods, SSI coupled 
with canonical variate analysis (CVA) gives the least variation in damping 
ratio measurement at about 50% less than the variation produced by ERA. 
Secondly, the varying nature of wind provides aerodynamic damping which 
vary nonlinearly with the oscillation amplitude and frequency (Bidkar, et al., 
2009), making the damping ratio of the structure more difficult to measure. 
5.4 Considerations of environmental factors  
Wind turbines are often located in remote areas, which are exposed to harsh 
weather and a range of ambient temperature. To ensure the reliability of sensor 
performance, it is important to consider environmental factors such as 
temperature and humidity variation. In this section, several factors are 
evaluated and discussed with solutions proposed to enhance the sensor 
performance.  
5.4.1 Temperature  
Theoretically, environmental temperature variation mainly affects the sensor 
performance in three ways, namely expansion or contraction of fibre diameter, 
change in optical property as well as the fibre stiffness. The POF is made from 
PMMA, which has a thermal expansion coefficient of 9×10
-5
/K and thermal-
optical coefficient of -1.1×10
-4
/K. Within the environmental temperature of 
operational wind turbine (about -10 to 50ºC), the change in fibre diameter and 
optical property on the sensor performance is negligible. Hence the major 
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effect of temperature variation is the change in stiffness, which may affect the 
accelerometer in terms of natural frequency, sensitivity as well as static 
deflection of fibre tip. 
PMMA has a glass transition temperature of about 105ºC, below which the 
material behaves as a glass-like elastic solid. Within the ambient temperature 
range, Young’s modulus of PMMA is relatively constant but decreases with 
increased temperature as shown in Figure 5.15. Established equations can be 
used to predict the Young’s modulus of a certain type of PMMA with good 
accuracy compared to experimental results (Mahieux, 1999). 
 
Figure 5.15 Theoretical and experimental Young’s modulus vs. temperature 
for PMMA (Mahieux, 1999) 
The Young’s modulus of a cantilever fibre is proportional to the square of its 
natural frequency according to Equation (4.15). Tests were conducted to 
measure the natural frequency of a cantilever POF fibre at 50ºC and -10ºC 
respectively, which represents the upper and lower limit of the temperature for 
operational wind turbine. For an optic fibre accelerometer with 133Hz natural 
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frequency at ambient temperature of 27ºC, the natural frequency was 
measured to be 130Hz at 50ºC, and 150Hz at -10ºC. 
The effect on sensitivity can be estimated using Equation (4.3), which shows 
that the dynamic displacement of fibre tip is proportional to the ratio between 
the equivalent mass and stiffness of the fibre (i.e.     . Since the natural 
frequency of the cantilever fibre can be expressed as        , the 
amplitude of the dynamic displacement of the cantilever fibre tip is inversely 
proportional to the square of natural frequency. Based on the natural 
frequencies obtained in different temperatures, the sensitivity (i.e. dynamic 
displacement of fibre tip) is increased by 4.7% at 50ºC and reduced by 21% at 
-10ºC, compared to the sensitivity at  room temperature (27ºC). 
The change in natural frequency can be used to estimate the change in 
Young’s modulus   using Equation (4.15). And the change in Young’s 
modulus E can be related to fibre tip displacement ustatic using Euler-Bernoulli 









Calculation shows that the static deflection is larger by 0.0007mm at 50ºC and 
smaller  by 0.003mm at -10ºC, compared to the deflection of 0.015mm at 27ºC. 
The additional deflection caused by temperature variation leads to a change in 
the received light intensity I0, which is 0.17% at 50ºC and 0.73% at -10ºC. The 
additional deflections are much less than the linearity range which is 
computed to be 7.3  corresponding to  0.103mm fibre tip displacement for 
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less than 0.5% error (Table 4.1). Hence temperature variation may not affect 
the value of I01, I02 and linearity range significantly.  
The estimated temperature effect on dynamic displacement and static 
displacement are listed in Table 5.2. To remove the temperature effect, the 
calibration coefficients can be adjusted with respect to temperature, with 
knowledge of Young’s modulus variation from theory or experimental results. 
Moreover, PMMA fibre for high temperature application has been developed 
by adding co-monomers during fabrication. The glass transition temperature 
can be increased up to 197 ºC. As the glass transition temperature is further 
away from the ambient temperature range, the variation in Young’s modulus 
will be effectively reduced.  















e in I0 
27 ºC 133 1 0 0.015 0 0% 
50 ºC 130 1.047 
-
9.55% 
0.0157 0.0007 0.17% 
-10 ºC 150 0.79 27.2% 0.0118 -0.0032 0.73% 
 
5.4.2 Humidity  
Literature reports that high humidity and contact of water may cause swelling 
in polymer materials and deteriorate its mechanical properties. Ishiyama and 
Higo (2002) reported that the Young’s modulus of PMMA decreases linearly 
with increased humidity, and the variation is about 10% for relative 
environmental humidity between 11% and 98%. 
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To prevent high humidity from affecting the sensor performance, sensor 
structure should be properly insulated to enclose the cantilever fibre. Similar 
to conformal coating technology applied to electronic devices against harsh 
environment, materials like epoxy or silicone can be used to provide an 
impervious and airtight layer on the casing. The POF outside the casing for 
data transmission can be protected with a jacket layer which also helps to 
shield the device from natural light. 
Furthermore, POF made from humidity resistive materials can be explored. 
Traditional PMMA fibre has relatively high water absorption ratio of 0.3% to 
0.4%. While newly developed optical fibres with polymer materials like 
TOPAS (Khan, et al., 2011) and CYTOP (H. Y. Liu, et al., 2002) has lower 
water absorption ratio of less than 0.01% . TOPAS fibre has been tested to be 
50 times less sensitive to humidity compared to PMMA fibre for FBG sensor 
(Y. Wu, et al., 2011). 
5.4.3 Creep 
Creep is a tendency of solid material to deform slowly under long term 
exposure to a static stress level below its yield strength. The phenomenon is 
more severe in materials exposed to high temperature for a prolonged period 
of time. Similar to many other polymers, PMMA has a relatively low melting 
point of about 160ºC and may experience creep in ambient temperature. Hence 
it is important to estimate the long-term creep effect of the cantilever fibre 
caused by static load due to self-weight. 
Chen and Hsu (2007) performed creep tests on PMMA samples with 
temperatures between 35ºC and 80ºC and stress levels between 7 to 12MPa. 
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Test result was fitted into the power law creep model and the strain rate due to 
creep can be expressed as 






   
   
(5.10)  




 , stress  and temperature T are (1/s), (Pa) 
and (K) respectively.  
Bending load due to self-weight introduces axial stress varying linearly across 
the cross-section which is tensile in the upper part (above the neutral axis) and 
compressive in the lower part (below the neutral axis). Creep causes 
elongation in the upper part which leads to increased deflection of the fibre.  
The maximum axial tensile stress occurs at a point at the cantilever end 
furthest from the neutral axis. The maximum stress is calculated to be 
1.04MPa according to the Euler-Bernoulli beam theory for the POF used in 
experiment (diameter of 500µm, length of 33mm and mass per unit length of 
2.4g/m). Assuming a high ambient temperature of 50ºC, the corresponding 
strain rate is found to be 5.3310-17/s. Considering a period of 5 years, the 
total strain will be 8.4110-9.  Elongation occurred in the upper part of the 
fibre leads to a total deflection of 2.810-5mm, which is equivalent to less than 
0.01% change in I0. 
5.5 Concluding remarks 
This chapter provides details the fabrication process of the low-cost bi-axial 
accelerometer made from POF. The prototype was shown to be compact, 
light-weight and requires only simple and low-cost optoelectronic devices (e.g. 
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LED and photodiode) to interrogate the sensor. The performance of the optical 
fibre accelerometers was tested with reference to commercial piezoelectric 
accelerometers. The accelerometer performed accurately for vibration 
frequencies below 60Hz, which is adequate for the vibration monitoring in a 
typical wind turbine blade. The linearity of the response was shown to be good 
for vibration amplitudes of up to 0.8g. Furthermore, the accelerometer was 
tested for cantilever beam monitoring under wind excitation. NExT-ERA 
method was used to extract modal frequencies and mode shapes from the 
output response data. The real modal values were identified using stabilization 
diagrams and the frequency and mode shape obtained using the optical fibre 
sensor are consistent to that based on the reference accelerometer. The 
proposed optical fibre sensor was demonstrated to be capable of monitoring a 
beam structure under wind excitation for operational modal analysis, where 
the proposed sensor obtained comparable modal frequencies with reference 
accelerometers while the mode shape could not be measured with good 
accuracy by both sensors. Finally, several environmental factors such as 
temperature, humidity and creep were investigated and solutions were 








Chapter 6 Damage Detection Method for Beam Structure 
 
In this chapter, a frequency-based method is developed to identify the severity 
and location of damage in beam structure. The method does not require the use 
of damaged mode shapes due to the complex procedure and inaccuracy in 
mode shapes measurement using output-only methods. Numerically and 
experimentally results will be used to validate the method. 
6.1 Methodology 
The method is derived from the Rayleigh’s energy method of a vibrating beam, 
based on which the modal frequencies, modal strain and kinetic energy are 
related using a discretized Euler-Bernoulli beam model. The fundamental 
equation is derived to eliminate all the terms involving mode shapes of the 
damaged state, so that damage severity is directly related to the modal 
frequencies and undamaged mode shape. The fundamental equation is 
validated with numerical results from three damage cases with various 
severities. Based on the fundamental equation, the location index and severity 
index are then formulated. 
6.1.1 Fundamental equation for frequency-based method 
The damage detection method is derived by considering a slender, uniform 
cross-sectional, one dimensional beam with length L, cross-sectional area of A, 
second moment of area I, density of   and Young’s modulus E.  The steady-
state vibration of slender beam can be considered as a superposition of a 
number of vibration modes each with different modal frequency and 
associated mode shapes.  For each vibration mode i, the displacement of the 
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beam         can be considered as a product of a time-varying amplitude 
      and a normalized mode shape      . That is, 
                    (6.1) 
The energy in a dynamic beam system consists of the kinetic energy   and 
potential energy  . The modal strain energy corresponding to mode i can be 
expressed as  
   
 
 
    
         
   
 
 
   
 
 
       
 
    
       









and the modal kinetic energy as  
   
 
 
    














        




According to Rayleigh’s energy method  
 
  
          (6.4) 
Substituting Equation (6.2) and (6.3),  
     
           
 
 
    
    
   
 
 




To solve the ordinary differential equation,       can be expressed as  
             , where    is the amplitude,    is the modal frequency and    





    
    






     




To study the effect of damage, the beam is discretized into    elements with  
     nodes, with   representing the mode number and   the element number. 
When the discretization is sufficiently fine, the variation of material property 
and beam dimension is minimal and therefore can be considered as constants 
within each element. According to Equation (6.6) each modal frequencies 
   can be expressed in discretized form as 
  
  
      
  
   
       
  




where        ,         ,         
         
 
,             
   
 
, and 
  ,    ,    ,    are the mean Young’s modulus, second moment of area, density 
and cross-sectional area for element j. 
When the beam is damaged at a single location, the damage can be simulated 
by a reduction of stiffness    at one element. Due to the damage, the mode 
shape    and mode shape curvature 
    
   
 change over the entire beam while the 
mass of the damaged element is assumed to be unchanged. Hence the 
damaged modal frequency   
  is  
  
   
   
    
   
   
       
   




where the superscript * indicates a variable after damage. 
The normalized change of modal frequency is assumed to be    
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Based on Equation (6.7) and (6.8), the right hand side of the Equation (6.9) 





    
   
    
 
 
       
 
 
        
       
 (6.10) 
Equation (6.10) establishes the relationship between frequencies and the 
modal and physical parameters of the beam. A frequency-based method 
detects damage by measuring the frequency of the vibrating beam before and 
after damage was introduced. Undamaged mode shapes are required because 
they provide location information for damage localization. Undamaged mode 
shapes can be obtained from a numerical model based on the dimension, 
material property and modal frequencies of the beam. However, damaged 
mode shapes are not available without the knowledge of the damage severity. 
To derive a frequency-based method, it is necessary to remove the terms 
involving damaged mode shape (   
   or damaged mode shape curvature (   
   
from the right hand side of Equation (6.10) so that the measured frequencies 
(   and   
 ) can be directly related to severity (  
  and   ) and undamaged 
mode shape (    and    ). Hence the following derivation aims to eliminate 
terms involving damaged mode shapes by generalizing or substitution with 
terms involving undamaged mode shapes or stiffness.  
Since stiffness reduction only occurs at the damaged element and the stiffness 
of other elements remains unchanged (i.e.   
              ),     
    
 
  can be 
rewritten as  
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Let      
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             , and    
    
  
                   at the damaged element and assume that the Young’s 
modulus E and second moment of area I are uniform over the entire beam, the 
last term on the right hand side of Equation (6.10) can be further expressed as  
    
   
    
 
 
      
 
 
       
       
 
      
 
     
        
           
       
       






      
 
 
       
 
  
       














             





where         
 . 
Combining Equation (6.9) and (6.12) yields 








   





where     is computed at the damaged element. 
Equation (6.13) should hold for all mode i, and for various severity levels 
indicated by different       values. The terms related to damaged mode 
shapes have been removed in Equation (6.13) and replaced with coefficients 
  ,    and    . The three coefficients may still vary with the damage severity 
or choice of mode i. Hence the relationship between the coefficients will be 
explored and they should be rearranged or combined in certain form and 
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ideally reduced to a constant which is independent of damage severity or 
choice of mode i. 




is investigated. Since both    and 
   
     
 vary for different mode number i due to 
the distinct modal frequencies and mode shape curvatures for each mode, the 
term   
  
  
 should also vary with the choice of mode number i. This 







   
    
 
 






      
 
  
    
 
 
     
   
(6.14) 
 
To further simplify the expression, it is necessary to look into the relationship 
between     and    
 . Numerical results from a finite element model of a 
cantilever aluminium beam are used to plot     and    
 . The material 
properties, dimensions and model parameters of the finite element model can 
be found in Appendix A.1. Figure 6.1 shows     
  and     computed with three 
severity levels based on the 2
nd
 mode shape. It is observed that there is a sharp 
rise in     
  at the damaged element (element 75), and the peak value increases 
as damage severity increase. This can be verified by plotting    
  against     to 
obtain a linear fit (see Figure 6.2). For undamaged elements,    
  varies with 
the same proportional compared to the undamaged     and the difference 
between     and    
  are larger for higher severity. Similar trends are observed 
for results based on other mode shapes which are shown in Appendix A.2 (see 




Figure 6.1    
  based on FEM results with 3 severity levels compared to 




Figure 6.2     
  (with 3 severity levels) vs.     for undamaged elements based 
on the 2
nd
 mode shape 





















































   
 
   
                for elements without damage and  
   
 
   
           
    
  for the damaged element. According to the numerical results of the first 
five mode shapes with five severity levels,      and     
  are found to be 
independent of the choice of mode number i, while increase with increasing 
damage severity (see Table A.1 and A.2 in Appendix A.2). Substituting the 
expressions of       and      
  into Equation (6.14) yields 
 
      
 
  
    
 
 
     
 
   
             
 
  
    
 
                       
 
  
   
           
     
 
   
             
    
  
                           
    
 
  
             





    
  
 is approximately equal to 1 as shown by the numerical results (see Table 
A.4 in Appendix A). Hence the first two terms in the denominator of the right 
hand side of Equation (6.15) (i.e.              and  
    
  
             ) 




     




             
     
   
(6.16) 
 
Both     
   are related to damage severity and    is approximately equal to 1 
(see Table A.3), hence the term   
  
  
 is shown to be proportional to 
   
          
     
 for different mode i. 
141 
 
Secondly, the term   
  
  
 should be proportional with damage severity. In 
Equation (6.13), when        approaches zero, the term     also approaches 
zero due to decreasing differences between damage and undamaged 
frequencies. Since both terms    and     
  approaches zero in the same time, 
the term   
  
  
  should also approach zero as damage severity decreases. 
Therefore it is assumed that the term   
  
  
 is related to      .  
Hence, the term   
  
  
 can be related to both 
   
     
 and  
  
   
. Rearranging 
Equation (6.13) yields 






   
     
 





   











   
     
 
   
  
    and    represents the damage severity which is the 
percentage reduction in stiffness of the damaged element (i.e.          
    ), Equation (6.17) can be simplified as  
     
 
   
   





 The value of    can be verified with numerical solutions for different mode 
number and severity. Two finite element models were constructed for a 
uniform aluminium beam with and without attached masses along its length. 
The weight of attached masses is significant (nine masses with total weight of 
117g) compared to the mass of the beam (92g). The material property, 
dimensions and model parameters of the two models are listed in Appendix 
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A.1 and Appendix A.3. For each of the model,    is computed for the first 5 
modes with 5 levels of severity ranging from 10% to 90%. The values of    
for the uniform beam model are shown in Table 6.1. While for the beam with 
attached masses, two damage cases are considered, one with damage at the 
attached mass location and another with damage at an element with no mass 
attached, and the values of     for the two damage cases are shown in Table 
6.2 and Table 6.3 respectively.  
Based on observation of n0 based on numerical results (Table 6.1 to Table 6.3), 
two factors affect the value of n0. First, as damage severity increases, the n0 
value generally reduces. Second, when the mass of the beam is not distributed 
evenly, n0 increases when damage is at an element with high mass density and 
reduced when damage at an element with low mass density. Hence the value 
of n0 is chosen to be 1 based on the uniform beam with the lowest severity. 
Overall, the coefficient    can be considered independent of mode number 
and damage severity and approximately equal to 1.  
 
Table 6.1  Values of    for various mode and severity based on based on FEM 
model of a uniform aluminium beam 













90% 10% 0.97 0.93 0.80 0.67 0.72 
70% 30% 1.05 0.97 0.94 0.89 0.93 
50% 50% 0.99 0.98 0.97 0.95 1.00 
30% 70% 0.99 0.98 0.98 0.97 1.03 





Table 6.2 Value of    for various modes and severity based on FEM model of 
aluminium beam with attached masses (damage at an element with mass 
attached) 
        1st mode 2nd mode 3rd mode 4th mode 5th mode 
90%  10% 0.98 0.92 0.71 0.59 0.70 
70%  30% 0.99 0.96 0.90 0.83 0.92 
50%  50% 0.96 0.98 0.95 0.92 0.99 
30%  70% 0.90 1.01 1.00 0.98 1.06 
10%  90% 1.13 1.11 1.11 1.11 1.15 
 
Table 6.3 Value of    for various modes and severity based on FEM model of 
aluminium beam with attached sensors (damage at an element  with no mass 
attached) 
        1st mode 2nd mode 3rd mode 4th mode 5th mode 
90%  10% 0.99 0.94 0.80 0.63 0.55 
70%  30% 0.95 0.96 0.92 0.84 0.81 
50%  50% 0.89 0.96 0.94 0.90 0.89 
30%  70% 1.04 0.97 0.95 0.92 0.93 
10%  90% 0.97 0.97 0.94 0.94 0.95 
 
Hence when    is assumed to be unity and damage severity   is computed 
based on other variables in Equation (6.18), the relationship underestimate 
damage severity when    is higher than 1 and overestimate the severity when 
   is lower than 1. In general, the method is more accurate for low severity 
damage and tends to underestimate the severity when damage severity 
increases. When the mass distribution is uneven, the method overestimates 
damage occurring at high density area and underestimate damage occurring at 
low density area. 
The error in severity introduced when assuming      can be estimated 
using Equation (6.19), where    denotes the estimated severity when    is 





   
  
  





Among all    computed based on the two numerical models, the highest 
  value is 1.15 (  =10%, 5
th
 mode in Table 6.2), and the corresponding 
estimated severity is computed to be    =11.3%, which overestimate the 
severity level by 1.3%. The lowest    is 0.55 (  =90%, 5
th
 mode in Table 6.3), 
the estimated severity is 83.2% which underestimate the severity level by 
6.8%. And the discrepancies due to the assumption of unity for other cases 
should fall in between -6.8% and 1.3%. 
With the assumption of     , Equation (6.17) can be simplified such that 
the normalized change of modal frequency    can be related to the severity   
and     which is a function of mode shape curvature of the beam,  
   
  





   
   





Equation (6.20) is the fundamental equation for the frequency-based method, 
which relates modal frequency (  ), severity (
 
   
) and undamaged mode 
shape curvature (
   
     
). The location index and severity index will be 
formulated based on this equation. 
6.1.2 Location index and severity index 
For a beam with damage located at element i, several modal frequencies can 
be measured from experiment and the corresponding    can be computed 
which are proportional to          . Linear regression can be formed between 




and intercept of zero. The regression coefficient of such a linear fit can be 
expressed as  
       
 
     
     
 





The coefficient of determination    measures how well the data fit into the 
linear pattern with zero intercept, which can be used as the location index      
         
    
     
         




     






Since the linear relationship holds only when the jth element is damaged, the 
   value for the damaged element will yield a maximum value close to 1 
indicating the best fit. Hence by plotting      values for all elements, the 
element with the highest      value can be identified as the damaged element. 
Since the slope        is calculated to force the intercept to be zero, the sum of 
squares due to regression (SSR) may be much higher than the total sum of 
squares (SST) for some of the poorly fitted data (i.e. when element j is not a 
damaged element), making    value lower than 1. However, the maximum 
value for    remains to be 1. 
Once the damage is identified at the jth element, the damage severity index 
can be calculated for each mode. Damage severity   can be used as a severity 
index and    denotes the damage severity calculated based on ith modal 
frequency. Rearranging Equation (6.20) yields 
   
       
           
 








   
  




The location index and severity index involve two parameters    and    , 
where    can be obtained through the original and damaged modal frequencies 
(   and   
 )  from experimental data and     can be computed through mode 
shapes from numerical simulation. The process of damage identification using 
the frequency-based method is summarized in Figure 6.3. 
 
 
Figure 6.3 Flow chart of the frequency-based method 
         
   
 
 
   






          
     
         




     





             
 
     
     
 




Compute and plot location index      for all elements using    number 
of modes and locate damaged element with maximum      
 
compute    
  










       
           
  
   
 









































6.2 Numerical study 
6.2.1 Numerical model  
The finite element model was constructed according to an experimental set-up 
to verify the method numerically and to validate the assumptions made in 
deriving the method. 
A cantilever aluminium beam, 710 mm long, 38 mm wide and 1.26 mm thick, 
was employed for this study. The model was constructed using finite element 
analysis software Abaqus according to an experimental set-up shown in  
Figure 6.4. The beam was modeled by 72 1-D Euler-Bernoulli beam elements 
with Young’s modulus   of 70 GPa and mass density   of 2700 kg/m3. The 
length of each element range from 5mm to 11.25mm and tabulated in Table 
A.6 in Appendix A.3. A total of 9 sensors were attached with locations shown 
in Table 6.4. The added masses of sensors are simulated by a higher density of 
element at the sensor location according to the mass of the attached sensor. 
For example a sensor weighting 11.46g will contribute to additional 
23943kg/m
3
 of density to each element with 10mm length. The model with 
attached sensors is used to demonstrate the capability of the detection method 
for beam with added masses at various points along its length. In practice, for 
the frequency-based method only requires fewer or even a single sensor is 
sufficient for damage detection purposes. 
It has been assumed that damage will affect only the stiffness matrix rather 
than mass matrix. Hence damage was simulated by reducing the Young’s 
modulus   of the damaged element. Eight cases of damaged models were 
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simulated and the damaged element numbers are listed in Table 6.5 and also 
illustrated in Figure 6.4 as shaded elements. 
Modal analysis of the undamaged numerical model yields the undamaged 
modal frequencies    and corresponding mode shapes    , while the damaged 
numerical model gives the damaged modal frequencies   
  and mode shapes 
   
 . These numerical results are used to study the accuracy of the proposed 
method which will be shown in Section 6.2.2. 
 
Figure 6.4 Schematic of numerical model of aluminium cantilever beam with 
damage locations 




Distance from fixed end (mm) Element number 
8 25.26 87.5 9 
7 11.46 175 18 
6 11.46 262.5 27 
R 11.46 306.25 31 
5 11.46 350 35 
4 11.46 437.5 44 
3 11.46 525 53 
2 11.46 612.5 62 
1 11.46 700 71 
 
Cross section: 38mm 
1.26mm 
710mm 
Simulated damaged element locations with case 
number 
(8 locations for 8 cases, each with a single damage) 
Element 72 
Element 1 






Table 6.5 Location and element number of damaged element for 8 simulated 
cases 
Damage case number Distance from fixed end (mm) Element number 
8 87.5 9 
7 175 18 
6 262.5 27 
5 350 35 
4 437.5 44 
3 525 53 
2 612.5 62 
1 700 71 
 
6.2.2 Results of damage detection method 
6.2.2.1 Damage location index 
According to Equation (6.22), by plotting the damage location index      for 
all elements, the element with the highest      can be identified as the 
damaged location. The damaged location should have a      close to 1 
indicating a linear fit between the change of modal frequency    and 
normalized element strain energy,         .  
The damage location index      are computed based on first 5 numerical mode 
shape, damaged and undamaged modal frequencies for a beam with sensors 
attached as illustrated in  
Figure 6.4. The results for 8 damage cases with various damaged locations 
(Table 6.5) are shown in Figure 6.5. The damaged location is marked by a 
circle and the corresponding      is indicated on each sub-figure.  
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All cases predicted the correct damage location except for case 1, where the 
damage is at element 71 but identified as element 72. All other damage cases 
predicted the location accurately with peak values larger than 0.9997. The 
method did not perform well for case 1 is because the damage is located near 
the free end of the beam where both the mode shape and strain energy do not 
vary significantly. Hence several elements near the free end all yields      
value similar to the damaged element. The      is much lower than 1 because 
the severity of damage is low (     ) and is located near the free end, 
which results in small change in frequency in some modes.  Due to the number 
of significant digits given by the FEM software, the round-off error becomes 
significant for some modal frequencies which experience little variations due 
to damage.  
The accuracy of location identification depends on the element size in the 
numerical model. A finer mesh can be created in the numerical model, which 
will give more data points in the plot of      (Figure 6.5) resulting in locating 
the damage with better accuracy.  In this numerical model of a 710mm long 
beam, each damaged element is 10mm long. The size of damaged element is 
about 1.4% of the total length which is sufficient for accurate location 
detection. The element size should be chosen according to the estimated 
damage size with some knowledge of possible failure. A study on the effect of 










































































Damaged element: 62 
    =0.9999 
Case 1 
Identified damaged element: 72 
    =0.8252 
Actual damage element: 71 
    =0.8099 
Case 3 
Damaged element: 53 
















Figure 6.5 Location identification by plotting      for all elements for damage 
at various location, damage location identified by element with maximum      
and marked by circle 
 
6.2.2.2 Damage severity index 
Once a damaged element is identified with the location index, the damage 
severity can be calculated at the identified element according to Equation 
(6.24). The damage severity indices   for the 9 levels of severities are shown 
in Table 6.6. The overall accuracy of the computed severity indices   is less 
than 3% from the actual values. However, the computed   is less accurate for 
cases higher damage severity. The results agree with what was predicted in the 
earlier analysis of     that the method tend to underestimate damage when the 
severity increases. Furthermore, because the damage occurs at elements with 
attached mass, the method overestimates damage at low severity (     ).  
The accuracy of damage severity index for damage at 8 locations (see Table 
6.5) along the beam is also evaluated as shown in Table 6.7. The computed 
severity   agrees well with actual severity for most cases with differences 
below 1.1%, except Case 1.  Damage Case 1 simulates damage located 10mm 
(1 element) from the free end and produces a difference of 6.5% between 






















Damaged element: 18 
    =0.9997 
Case 8 
Damaged element: 9 
    =0.9997 
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actual and computed  . Due to the low damage severity and the location of 
damage, the differences between damaged and undamaged frequencies are 
minimal and go below the 4 significant digits given by the software. So the 
round-off error is significant which result in the error. Hence the severity 
index is less accurate for damage located near the free end of the beam. 
Table 6.6 Simulated and computed severity level α at 9 different severity 
levels for damage case 3 for beam with attached sensors 
Actual α Computed α Difference 
90% 87.2% -2.8% 
80% 77.6% -2.4% 
70% 68.2% -1.8% 
60% 58.9% -1.2% 
50% 49.0% -1.0% 
40% 39.0% -1.0% 
30% 29.8% -0.2% 
20% 20.7% 0.7% 
10% 11.1% 1.1% 
 
Table 6.7 Simulated and computed severity level α for damage at different 
locations with simulated severity level of 20% for beam with attached sensors 
Case number Actual α Computed α Difference 
1 20% 26.5% 6.5% 
2 20% 20.5% 0.5% 
3 20% 20.7% 0.7% 
4 20% 20.6% 0.6% 
5 20% 20.6% 0.6% 
6 20% 20.6% 0.6% 
7 20% 20.9% 0.9% 




The results presented so far are based on beam with sensors attached, since the 
method is designed to work with any density distribution, a set of simulation 
are carried out for a beam with the same property but with no added sensors or 
masses. In Table 6.8, the identified severities are compared between a beam 
with attached sensors and a uniform beam. Severity estimated for the uniform 
beam is generally lower than that for the beam with attached sensors with 
difference ranged from 0.1% to 1.4%. This is because in the later case the 
damage is located at an element with added mass which is 8 times higher in 
mass than a uniform element. So the damage results in higher reduction in 
modal frequency as well as severity than the uniform case. The overall 
severity identifications for both types of beams are reasonably accurate with 
differences up to 2.1% to 2.5%. 
Table 6.8 Simulated and computed severity level α at 3 severity levels and 3 





















20% 20.7% 0.7% 20.6% 0.6% 20.9% 0.9% 
50% 49.0% -1.0% 49.4% -0.6% 49.1% -0.9% 






















20% 19.3% -0.7% 20.5% 0.5% 20.2% 0.2% 
50% 47.8% -2.2% 48.9% -1.1% 48.2% -1.8% 
70% 68.0% -2.0% 68.0% -2.0% 67.5% -2.5% 
 
6.2.3 Effect of damage size  
As elaborated in Section 6.1, the frequency-based method is formulated to 
detect a single damaged element, with the damage location indicated by the 
element number, and the severity indicated by the percentage of stiffness 
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reduction of the identified element. However, it is important to study a 
situation in which the actual damage size is larger than the element size. In 
this section, the method will be applied to a larger damage over several 
elements, and the effectiveness of the damage location index and severity 
index will be discussed.   
Finite element model was constructed for a beam with damage severity of 20% 
on element 52, 53 and 54. The damaged frequencies are obtained from the 
finite element model to compute the location and damage index as shown in 
Figure 6.6. The damage location is identified at element 53 with      of 
0.9983. The damage severity is 37.3%, which is higher than 20%, because the 
damage was considered at one element instead of three elements in the 
computation. To verify the value of damage severity, a finite element model 
was constructed for damage severity of 37.3% at element 53 only. The modal 
frequencies are obtained and compared with the original damaged model as 
shown in Table 6.9. The modal frequencies of the two cases agree well with 
differences of less than 0.03%, suggesting that 37.3% damage severity at 
element 53 is equivalent to 20% damage severity at element 52, 53 and 54 in 




Figure 6.6 Location and severity identification for damage severity 20% on 
element 52, 53 and 54 
 
Table 6.9 Compare modal frequencies between actual damage case with large 
damage (20% damage on three elements) and identified case (37.3% damage 
on one element) 
 Modal frequencies % difference 
between 
2 damaged cases 
 
α=20% on element 52, 
53&54 




 mode 1.3525 1.3525 0.00% 
2
nd
 mode 8.0288 8.0303 -0.02% 
3
rd
 mode 22.961 22.969 -0.03% 
4
th
 mode 43.81 43.814 -0.01% 
5
th
 mode 71.192 71.207 -0.02% 
 
To investigate the effect of different damage sizes, eight sets of finite element 
simulation were carried out for larger damage with sizes varying from 3 to 17 
elements, and the results for damage location and severity identification are 
summarized in Table 6.10. The identified element is located at or near the 
centre of the damaged segment. However, the accuracy of localization 











Actual damaged element:  
52, 53, 54 with       
Identified damage element: 
53 with         
    =0.9983 
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decreases as the damage size becomes larger. The location of damage is 
identified correctly for damages with size up to 9 elements and deviates from 
the correct location as the damage size increases further. For the largest 
damage comprising 17 elements, the damage is identified 29.1mm away from 
the actual location which is equivalent to the size of about 3 elements and 4% 
of total beam length. While the actual severity is 20%, the identified severity 
increases as the damage size increases. This is because larger damage size 
causes larger change in modal frequencies, and the effect is accounted to a 
single element. 











from actual location 
(mm) 
3 37.3% 53 0 
5 52.3% 53 0 
7 60.2% 53 0 
9 65.6% 53 0 
11 69.5% 54 9.8 
13 72.4% 55 19.4 
15 76.7% 56 29.1 
17 78.7% 56 29.1 
 
The overestimation for larger size damage may be helpful from the practical 
point of view, because large damage size may be a risk to the structure as 
much as severe damage. For example, a type of wind turbine damage is 
significant blade deflection resulting in blade tip hitting the tower. This can be 
caused by a severe stiffness reduction in a small area or a less severe stiffness 




6.2.4 Effect of noise 
In practice, using ambient load as the excitation sources, the frequency 
response will in evitable be contaminated by noise. Noise will also be 
introduced during the signal sampling, transmission and recording processes. 
In this section, the effect of noise is firstly discussed with derivation of the 
threshold noise level     which is a noise level of measured frequency beyond 
which the effectiveness of the damage detection method is greatly reduced 
(Section 6.2.4.1). 
The derived threshold noise level is subsequently validated by numerical 
simulations in Section 6.2.4.2. With the concept of modal sensitivity, the 
effect of noise on the location index and severity index are discussed in 
Sections 6.2.4.3 and 6.2.4.4 respectively. Methods to estimate effectiveness of 
the location identification and to eliminate noisy results from the severity 
index are also discussed. 
6.2.4.1 Derivation of threshold noise level 
The effect of noise on the frequency can be represented as  
         and  
          
  (6.25) 
where   and    are the noise contaminated frequencies for undamaged and 
damaged state respectively,     and     are random variables with standard 
normal distribution, and    is the amplitude of noise level with values typically 
much less than 1. 
The fundamental of a frequency-based method is that a reduction in modal 
frequency (i.e.      ) indicates the presence of damage. However, noise in 
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frequency measurements leads to errors in computation of    (see Equation 
(6.20)). Hence, a prerequisite for location identification is that the amplitude 
of noise does not exceed the difference between damaged and undamaged 
frequencies in order to produce a positive   . 
   
      
  




Substituting Equation (6.25) into (6.26) yields  
            
        
       
         
       (6.27) 
 
Since the noise amplitude   is usually much less than 1, the terms containing 
   in Equation (6.27) are omitted. Rearranging Equation (6.27) yields 
                    
         




In Equation (6.28), since     and             , the last term is 
significantly less than the first two terms  respectively and can be omitted.  
Both    and     are normally distributed random variables with mean of 0 and 
standard deviation of 1 (i.e.           and           ). Assuming the noise 
components    and     are independent, the random variable        is also 
normally distributed with mean of zero and standard deviation of   , and can 
be represented by     where         . Hence Equation (6.28) can be written 
as  
                 (6.29) 




    
      
  
     
 
(6.30) 
Since   is a random variable with standard normal distribution, to ensure that 
the sum of terms on the left hand side is positive, the first term needs to be 
larger than the absolute value of    (i.e.     ), 
 
    
      
  
     (6.31) 
Since     takes value from zero to infinity, the above equation cannot always 
be satisfied. A threshold value of   (   ) is defined by taking the value of     
to be the standard deviation 1, so that Equation (6.31) is satisfied with 
approximate probability of 68%. 
    
 
   








Equation (6.32) serves as a guideline for the threshold noise level     above 
which the effectiveness of the detection method is greatly reduced. However, 
   is calculated from experimental data and prone to noise. So    can be 
estimated by Equation (6.20) as a function of both   and    , 
    
 
   
               (6.33) 
where        
 
   
 and          
   
     
. 
Equation (6.33) can be used a guideline to check the noise level of data, with a 
given   value. The threshold noise level is then compared to the noise level of 
experimental data to give the user a confidence level of successful 
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identification. The following section uses numerical simulation to validate the 
derived threshold noise level. 
6.2.4.2 Numerical validation of threshold noise level 
In this section, numerical simulations are used to validate the estimated 
threshold noise level expressed in Equation (6.33). The same numerical model 
is adopted as Section 6.2.1 as the damage is modelled at element 53. To 
estimate     , the value of     is calculated for 3 severity levels (  =20% 50% 
and 80%).  The value     is different according to the choice of mode number, 





mode at element 53. A threshold value of 0.012 is chosen so that the majority 
(3 out of 5) are equal or higher than the value. The choice of value for     will 
be further discussed in Section 6.2.4.3. The estimated     is obtained by the 
product of     and     as shown in Table 6.11 and will be validated by 
simulation results subsequently.  
The noise is simulated by adding a normally distributed random variable to the 
numerical modal frequencies according to Equation (6.25). For each severity 
level in Table 6.11, three noise levels (0.5   ,     and 1.5   ) are simulated 
each with 500 cases. For each case, the location of identified damage location 
is checked with respect to the correct location and categorized into three 
groups: correct location, near-correct location (damage identified within 2 
elements from correct location) and incorrect location (damage identified 
more than 2 elements away from correct location). The proportions of each 
category are illustrated in Figure 6.7. By checking the rate of correct 
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identification for the three noise levels, the estimated threshold noise level      
can be validated. 
 
 Table 6.11 Estimation of threshold noise level for 3 severity levels for 
damage at element 53 
      
    
(threshold value at damaged element) 
    
Estimated threshold 
noise level 
20% 0.25 0.012 0.00106 
50% 1 0.012 0.00424 























0.5ζth ζth 1.5ζth 
Correct location 
Near correct location  
(within 2 elements) 
Incorrect location 










Figure 6.7 Location identification with 3 noise levels each with 500 simulation 
cases for damage severity at (a) 20%, (b) 50% and (c) 80% respectively 
(damage at element 53) 
   
To summarise, the simulation results show that damage can be identified in 
more than 90% of all cases when noise level is at half of the threshold value 
(0.5   ). When the noise level is at the threshold value    , the rate of 
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level increases to       , less than 50% of cases can be identified.  Hence, the 
simulation results validated the predicted threshold noise level as shown in 
Equation (6.33). The derived threshold noise level     can be used to assess 
the probability of success detection according to the noise level of the 
experiment data. 
6.2.4.3 Effect on damage location index due to noise 
With the threshold noise level     derived and validated numerically, this 
section presents the use of     to predict level of error in damage location 
index. Since     is directly related     and    , the effect of these two 
parameters are discussed first. 
The value of function     is plotted against damage severity   as shown in 
Figure 6.8. The function value increases as   increases, indicating that the 





Figure 6.8 Amplitude of function giα(α) for   value from 0 to 0.9 
 
The value of function     is plotted in Figure 6.9 using the first 5 mode shapes 
obtained from numerical model. For damage at each element, there are 5     
values corresponding to different modes as shown in Figure 6.9. It is difficult 
to have a low noise level with value less than     of all modes, because some 
    values (hence     values) are significantly lower than others. Hence the 
concept of modal sensitivity is introduced. For a given noise level   , if a 
mode   has a     value lower than   , the mode is considered as a sensitive 
mode, because the corresponding modal frequency will be sensitive to damage 
under noise level   . Since      is proportional to    , at a given damage 
location, the mode having higher     is more sensitive than other modes. 

























The location index is determined by how well    and     (i.e. 
   
     
) fit into a 
linear relationship according to Equation (6.22). The    value is unreliable for 
insensitive modes and do not contribute in the linear regression to obtain 
location index. Hence, it is assumed that the majority of the modal frequencies 
must be sensitive to damage in order for the location index to be valid. In the 
current study, at least 3 out of 5 modes should be sensitive modes to ensure 
valid location identification. Hence a threshold line can be plotted above 
which for every element there are at least 3 sensitive modes (See Figure 6.10).  
 
Figure 6.9 Amplitude of function          for first 5 modes (          over 
length of beam  
 




























Figure 6.10 Threshold line for 3 sensitive modes with total of 5 modes 
 
Figure 6.10 shows that the threshold line reaches the peak near the clamped 
end, fluctuates across the span of the beam and reduces to zero near the free 
end. Since the threshold line is related to both location and severity, with a 
given noise level, the effectiveness of location index can be evaluated by the 
minimal detectable severity. Two severity levels αU and αL corresponding to 
the upper and lower bound of the fluctuation range of the threshold line (see 
Figure 6.10) can be calculated according to Equation (6.33). αL and αU 
suggests range of minimal detectable severity above which a damage in the 
beam can be located. However, the range does not ensure detection when the 
damage is near the free-end, where any damage will only result in minimal 
changes in both frequencies and mode shapes. These elements are considered 
as insensitive elements at the given noise level and the length of insensitive 

























threshold for 3 sensitive modes
 Insensitive 
elements 
near the free 
end 
Upper bound 0.022 
→Severity level αU 
Lower bound 0.007 




area can be found by the lower bound of the threshold line. The sample 
calculation is shown in Table 6.12 with a known noise level of  = 0.001. 
Table 6.12 Calculation of detectable severity levels for location index 
evaluation with noise level of 0.001 
Threshold     Lower bond 0.007 αL 28.8% 
Threshold     Upper bond 0.022 αU 11.4% 
Insensitive element 65-72 Insensitive area 7% 
 
Based on the results in Table 6.12, we can conclude that for the beam with 5 
modal frequencies with a noise level of 0.001, the minimal severity detectable 
ranges from 11.4% to 28.8% except for the insensitive area near the free end 
covering 7% of the beam length. Hence, if the beam contains damage with 
severity below 11.4%, the method may not be able to locate the damage unless 
the damaged locates very near the clamped end. If the severity is between 11.4% 
to 28.8%, the location of damage can be identified at certain locations. When 
the severity is higher than 28.8%, it is possible to identify the damage in most 
parts of the beam except the insensitive area.  
This calculation is made based on the model with 72 elements, and the 
severity refers to the stiffness reduction in one of the elements comprising 1.4% 
of the entire beam. In practice, if the damage size is larger than the element 
size in the model, the detected severity will be higher as the damage is counted 
to one element. As discussed on the effect of damage size, 20% severity may 
not be detected with noise level of 0.001. However, 20% stiffness reduction in 
3 elements (4.2% of the entire beam) is equivalent to 37.3% severity which 
can be detected in most part of the beam based on the calculation.      
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The above calculation was done considering 5 available modes. However, 
including more number of modes can reduce the effect of noise due to more 
number of sensitive modes available. As shown in Figure 6.11, both the upper 
and lower bounds of the threshold line are increased as the number of mode 
increases and corresponding αL and αU as well as insensitive area will decrease 
accordingly. Hence in practice when noise is significant, it is important to 
include all identified modal frequencies to maximize the effectiveness of the 
damage detection method. 
 
Figure 6.11 Threshold line for total number of 5, 6 and 7 modes 
 
6.2.4.4 Effect on damage severity index due to noise 
The damage severity index   is computed as average value of severity index 
calculated based on each mode    (Equation (6.24)). As discussed in Section 
6.2.4.3, due to the difference in modal sensitivity at the damage location, the 




















modes with lower modal sensitivity are more prone to noise compared to 
others. With knowledge of modal sensitivity, it is possible to eliminate the 
inaccurate values of    with low sensitivity if the identified    are inconsistent 
due to noise contamination. 
An example is shown in Table 6.13. With noise contamination, the identified 
   from 5 modes are not consistent. To find out which     is more reliable,     
values at the damaged location are plotted in Figure 6.12. It is observed that 
modes 3 and 5 have significantly lower     than other modes and hence 
produces inaccurate   . By eliminating insensitive modes, the overall damage 
severity is found to be 20.6% which is very close to the actual severity level of 
20%. 
 
Table 6.13  Example of error elimination in severity index for damage at 









          
Absolute 
error in αi 
1 1.3528 1.3515 0.0019 7.24E-03 21.0% 1.0% 
2 8.0586 8.0275 0.0077 2.98E-02 20.5% 0.5% 
3 23.207 23.207 0.0000 2.48E-04 0.0% 20.0% 
4 44.054 43.893 0.0073 2.88E-02 20.2% 0.2% 
5 71.24 71.239 
2.8074
E-5 








Figure 6.12 Example of error elimination of identified severity    
 
Thus far, the numerical studies have validated the performance of the 
frequency-based damage identification results. The effect of noise is also 
evaluated to estimate the effectiveness of the method including a proposal to 
minimize the error in the application.  An application of the frequency-based 
method described so far will be implemented in the experimental work which 
will be presented in Section 6.3. 
6.3 Experimental study 
To verify the effectiveness of the proposed frequency-based damage detection 
method for practical problem, experiments were carried out in the laboratory, 
where a cantilever beam structure was subjected to wind loading to simulate 
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Mode number 
absolute error in αi 
Insensitive modes  
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ups made from aluminium and carbon fibre composite materials are presented 
in Sections 6.3.1 and 6.3.2 respectively. 
6.3.1 Damage identification of aluminium beam 
6.3.1.1 Experimental set-up 
The experimental set-up comprises a cantilever aluminium beam with 9 piezo-
electric accelerometers attached along its span. The dimensions, material 
property and sensor placement are the same as the numerical model described 
in Section 6.2.1. Two standing fans were used to provide wind excitation in 
laboratory. The vibration was captured by accelerometer No. 8 located at 
87.5mm from the clamped end. Not all sensors were used because previous 
experiments suggest that the cables connected to the beam increase the 
variations of the measured frequencies. This is because the overall stiffness of 
the aluminium beam is chosen to be relatively low to allow full excitation 
under the low wind power created in laboratory conditions. When multiple 
cables are connected to the sensors and attached to the beam, the stiffness of 
cable and the firmness of attachment become significant. The sensors and 
cables also affect the vibration of the beam as they are mounted on the exterior 
of the beam and subject to wind loading. In most practical applications, the 
stiffness of the cable and the size of sensor can be much smaller compared to 
the measured structure. For wind turbine blades, accelerometers can be 
installed on the interior of the blade to reduce its effect on structure dynamics. 
Hence in the experiment, minimal cable is used to ensure the accuracy of 
measured frequency. A schematic of the beam is shown in  
Figure 6.13 and a picture of the set-up is shown in Figure 6.14. 
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The damage was introduced to element 53 by cutting 1mm slit from both edge. 
A double slit was introduced to avoid stress concentration created by a nut 
glued at the element for sensor attachment (see Figure 6.15). Three levels of 
severities were introduced based on different depth of cut (4.75mm, 9.5mm, 
and 14.25mm) as shown in Figure 6.13. 
 
Figure 6.13 Schematics of aluminium beam used in experiment and dimension 









Element 72 Element 1 
Damaged introduced at element 






Damage level 1: lcut =4.75mm 
Damage level 2: lcut =9.5mm 
Damage level 3: lcut =14.25mm 
 
 




Figure 6.14 Set-up and instrumentation of aluminium damage test 
 
 
Figure 6.15 Close-up view of the damage introduced for severity level 1 (each 
cut with length of 4.75mm) 
 
6.3.1.2 Numerical model validation 
The numerical model is validated by comparing the modal frequencies and 
mode shapes with those obtained from experiment. The percentage difference 
between the experimental and numerical frequencies are less than 1.13% for 
all detected modes as shown in Table 6.14. The difference is also less than the 
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standard deviation of experimental modal frequencies except the 4
th
 mode. 
Since changing material parameter such as the material density or Young’s 
modulus will simultaneously affect frequencies of other modes, no further 
change are made to improve the numerical model.  
The numerical mode shape is also compared to experimental mode shape 
obtained from Section 5.3.3 using NeXT-ERA method. As discussed earlier, 
the 4
th









 mode shapes were compared. The analytical and 
experimental mode shapes are plotted in Figure 6.16 with maximum values 
normalized to one. The MAC values between the 4 sets of analytical and 
experimental mode shapes are 0.8948, 0.8094, 0.9704 and 0.9271 respectively. 




 mode while the 1
st
 mode 
shapes does not match because the experimental mode shape is inaccurate due 
to reasons discussed previously. The 2
nd
 experimental mode shape is of lower 
amplitude near the mid-span compared to the numerical model. This is 
because wires from all sensors are attached to the beam making the mid-span 
stiffer. However, in the experiment for damage detection, only one sensor was 
attached with wire to reduce uncertainties in frequency measurement. Hence, 
the numerical mode shape for the 2
nd
 mode may represent the actual mode 
shape more accurately. Therefore, it may be sufficient to match only modal 
frequencies for numerical model validation due to the complexity and error 




Table 6.14 Comparison between modal frequencies from experimental and 












Standard deviation  
of experimental 
frequencies 
1.3611 1.3715 0.77% 0.0104  0.041 
8.1787 8.1778 -0.01% -0.0009  0.050 
23.2727 23.535 1.13% 0.2623  0.335 
44.5740 44.705 0.29% 0.1310  0.121 
72.2015 72.305 0.14% 0.1035  0.159 
 
 






















































6.3.1.3 Damage location identification 
The first 6 modal frequencies are extracted from ten sets of time response data. 
The means and standard deviations of the frequencies are calculated for noise 
estimation as shown in Table 6.15. The amplitude of noise can be estimated by 
the standard deviation of the mean frequency, which in turn can be calculated 
as        where     is the standard deviation of 10 modal frequencies and   
is the number of sample. The noise level is found by the coefficient of 
variation of modal frequencies which is computed by the standard deviation of 
frequency divided by the mean frequency as shown in the last column in Table 
6.15, among which the threshold noise level is the 3
rd
 lowest value (0.00086) 
to ensure that at least half of all modes are sensitive modes. Evaluating the 
noise level for frequencies from 3 damaged cases yields values close to 
0.00086. Hence the identified noise level is used to calculate detectable 
severity levels for location index as shown in Table 6.16. The minimal 
severity detectable ranges from 8.8% to 23.6% except the insensitive area 
which is about 10% of the beam length near the free end. Hence the method is 
able to locate stiffness reduction higher than 23.6% in an element (1.4% of the 
whole beam) over the entire beam span (except insensitive area) and locate 








Table 6.15 Noise analysis for 10 sets of modal frequencies from undamaged 
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Standard deviation of mean 
frequency 





            
 
1 1.3611 0.01303 0.00957 
2 8.1787 0.01576 0.00193 
3 23.273 0.10583 0.00455 
4 44.574 0.03839 0.00086 
5 72.202 0.05034 0.00070 
6 107.703 0.05980 0.00056 
 
Table 6.16 Calculation of detectable severity levels for location index 
evaluation with noise level of 0.00086 for aluminium beam damage detection 
Threshold     Lower bond 0.00788 αL 23.6% 
Threshold     Upper bond 0.0253 αU 8.8% 
Insensitive element 66-72 Insensitive area 8.9% 
 
To identify the damage location,      for all elements are plotted in Figure 
6.17. For each severity level, the location was identified at the element with 
the highest     . The results are summarized in Table 6.17. For all three 
severity levels, the actual locations are identified as 515.2mm from the 
clamped end compared to the actual location of 525mm. The location 
identification is relatively accurate because the error in identified location is 
1.4% of the total beam length. Larger      values were also observed for 
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higher damage level, because the larger frequency change is less prone to 
noise contamination. 
 
Figure 6.17 Damage location identification for aluminium beam at 3 damage 




































Table 6.17 Damage location results for aluminium beam 
 
Actual location Identified location      
Severity level 1 525 515.2 0.7464 
Severity level 2 525 515.2 0.8623 
Severity level 3 525 515.2 0.9073 
 
6.3.1.4 Damage severity identification 
In order to verify the damage severity identified by the frequency-based 
method, 3-D finite element models are constructed to determine the equivalent 
damage severity to the double-edged cut damage. Firstly, a 3-D finite element 
model was constructed to simulate the actual damage with dimensions of the 
cuts. A second finite element model was constructed assuming uniform 
stiffness reduction at the damaged element. The modal frequencies from both 
models are compared and their differences calculated as the average of the 
percentage difference between the first 6 modes  
    
     
  
 
   
 (6.34) 
where    is the ith modal frequency from the simulation of actual damage, and 
   is the ith modal frequency based on the simulation of equivalent stiffness 
reduction at the damaged element. Note that the damaged element is referred 
to the partitions illustrated in  
Figure 6.13, but not the mesh of the finite element model. The actual mesh is 
much finer in order to simulate the thin cut correctly. Both models are also 




The second model was simulated with varying severity and    was computed 
for each case. The process iterates until the value of    is close zero. Hence the 
damage level is assumed to represent the actual damage and used to evaluate 
the results of the frequency-based method.  
Figure 6.18 shows an example for the 1
st
 damage case of the aluminium beam. 
The first severity level was identified as 40% according to the frequency-
based method. The finite element models were constructed with Abaqus 
software with mesh size of 0.001m. And 31% was found to be the equivalent 




 damage case was 
found to be 64% and 83% respectively. 
 
Figure 6.18 Iterations to find equivalent damage of double-edge cut 
The identified severity    for 3 severity levels are listed in Table 6.18, it is 
observed that    are inconsistent for all 3 severity levels. To eliminate 
inaccurate values of    from insensitive modes,    are plotted together with 




 modes are found to have 
significantly lower     values and are considered as insensitive modes. The 










































Simulated damage level α 
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shown in Table 6.18, the overall severity   are found to be 44%, 61% and 84% 
for the three severity levels, compared to actual severity of 31%, 64% and 83%  
respectively. The identified severity   are more accurate as the severity level 
increases because the noise level is less compared to the change of frequencies 
due to damage. The case with lowest damage has a severity of 31% and it is 
marginally higher than 23.6%, which is the upper limit of minimal detectable 
severity range. Hence it was identified successfully, while the severity    was 
detected with a relatively larger error. 
 
 
Figure 6.19 Identified severity    for first 6 modes with 3 damage levels and 



















































Severity level 1 Severity level 2 
Severity level 3 Modal sensitivity level 
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Table 6.18 Results of severity identification for aluminium beam experiment 








   (103%) (103%) (103%) 
   39% 63% 86% 
   53% 67% 84% 
   42% 57% 84% 
   (74%) (99%) (100%) 




    
(where    is the number of 
sensitive modes) 
44% 61% 84% 
    Actual damage verified by 
FEM 
31% 64% 83% 
Difference -13% 3% -1% 
 
6.3.2 Damage identification of Composite beam 
6.3.2.1 Experimental set-up 
The second experiment involves a cantilever beam made from composite 
material which is used extensively in wind turbine blades. The composite 
beam was fabricated by four plies of woven carbon fibre reinforced plastic 
prepregs using autoclave moulding. Due to the limited size of autoclave 
available, the length of the cantilever composite beam is limited to 460mm 
with modal frequencies higher than the frequency range of a typical wind 
turbine, hence a piezo-electric accelerometer is used to pick up the higher 
modal frequencies. The dimensions and material properties are listed in Table 
6.19. The previous experiment of aluminium beam demonstrated that only one 
accelerometer is sufficient for the purpose of damage detection, hence only 
one accelerometer is attached and others are removed leaving glued nuts on 
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the accelerometer locations. The locations and masses for attached sensor and 
nuts are listed in Table 6.20. Each element with attached mass is 10mm long 
and other elements are distributed evenly in between with length range from 
9.17mm to 10.83mm. 




Length 460 mm 
Width 58.9 mm 
Thickness 0.73 mm 
Material Properties  
Young's Modulus 55 GPa 
Poisson's ratio 0.1  
Mass density 1600 kg/m
3 
 









1 31.6 75 8 
2 1 150 15 
R 1 187.5 19 
3 1 225 23 
4 1 300 30 
5 1 375 38 
6 1 450 46 
 
The damage was introduced to element 29 by cutting 1mm slit from both 
edges (see Figure 6.21). Four levels of severities are introduced based on 
different depths of cut measuring 7.25mm, 11mm, 14.5mm and 21.75mm 
respectively as shown in Figure 6.20. A picture of the set-up is shown in 
Figure 6.21.   A double-edged cut is introduced in the experiment, as it can be 
easily controlled in dimension and modelled in simulation, compared to other 
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common composite damage such as delamination. Unlike double-edged cuts, 
it is difficult to introduce delamination after fabrication in a controlled manner. 
(Delamination is commonly introduced during fabrication by embedding a 
Teflon sheet between composite layers,)  Therefore, as delamination damage 
cannot be controlled, it is difficult to assess the actual damage introduced in 
order to verify the detected damage severity. However, in practice, the damage 
detection method can still apply to general types of damage as it measures the 
stiffness reduction in a predefined element. 
 





Damaged introduced at element 





Damage level 1: lcut =7.25mm 
Damage level 2: lcut =11mm 
Damage level 3: lcut =14.5mm 










Figure 6.21 Set-up and instrumentation of composite damage test 
 
Figure 6.22 Close-up view of the damage introduced to composite plate at 
severity level 2 (each cut with length of 11mm) 
 
6.3.2.2 Numerical model validation 
The numerical model was constructed via ABAQUS using 2-D Euler-
Bernoulli beam elements according to the dimensions and material property 
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given in Table 6.19 and Table 6.20. Similar to the aluminium beam, the model 
is validated by comparing the numerical modal frequencies with those 
obtained from experiment. The percentage differences between the 
experimental and numerical frequencies range from -0.964% to 1.623% for all 
detected modes as shown in Table 6.21. The difference is also less than the 
standard deviation for all modes of experimental modal frequencies except the 
3
rd
 mode. The discrepancy in the 3
rd
 mode frequency may be a result of 
inhomogeneous composite beam made in fabrication or error in experimental 
frequency measurement. However, changing material parameter such as the 
material density or Young’s modulus will simultaneously affect frequencies of 
other modes. Hence no further changes were made to improve the numerical 
model. 
Table 6.21 Comparison between modal frequencies from experimental and 














2.963 2.9347 -0.964% -0.029 0.114 
17.320 17.505 1.067% 0.185 0.224 
44.834 45.562 1.623% 0.728 0.182 
83.148 83.022 -0.152% -0.126 0.178 
141.804 141.94 0.096% 0.136 0.279 
 
6.3.2.3 Damage location identification 
The first 5 modal frequencies are extracted from ten sets of time response data. 
The noise level was estimated based on the coefficient of variation of modal 
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frequencies as discussed on page 177 of Section 6.3.1.3. A noise level of 
0.00158 was determined to calculate the minimal detectable severity range. As 
shown in Table 6.22, the damage detection method is able to locate damage 
with severity more than 35.4% over all its span (except insensitive area) and 
locate a damage with severity more than 9.9% at certain locations. 
Table 6.22 Calculation of minimal detectable severity levels for location index 
evaluation with noise level of 0.00158 for composite beam damage detection 
Threshold     Lower bond 0.0406 αL 9.9% 
Threshold     Upper bond 0.008151 αU 35.4% 
Insensitive element 41-47 Insensitive area 13.00% 
 
To identify the damage location,      for all elements are plotted in Figure 
6.23. For each severity level, the location was identified at the element with 
the highest       and the results are summarized in Table 6.23. For severity 
level 1, the damage is identified at 96.25mm with the highest       value of 
0.3714, which is much less 1 indicating a possible unsuccessful identification. 
For severity levels 2 to 4, the actual locations are identified as 300mm from 
the clamped end compared to the actual location of 290mm. The error in 
identified location is 2.2% of the total beam length which is relatively accurate.  






     
Severity level 1 290 96.25 0.3714 
Severity level 2 290 300 0.7235 
Severity level 3 290 300 0.8071 





Figure 6.23 Damage location identification for composite beam at 4 damage 
levels with identified damage location marked by circle 
 
6.3.2.4 Damage severity identification 
Similar to the identification process of the aluminium beam, 3-D finite 
element models are constructed to determine the equivalent damage severity to 
the double-edged cut damage using an iterative method demonstrated in 
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Section 6.3.1.4. The equivalent severities as well as the identified severity    
for 4 severity levels are shown in Table 6.24.  
In general, severity index can be improved with removal of    computed from 
insensitive modes. Three types of modal severity    should be eliminated to 
improve accuracy, which are those with values below zero, above one and 
below the lower limit of detectable severity. The sensitive modes should give 
consistent results, otherwise it indicates a possible incorrect damage location. 
This is because the location index measures the goodness of fit of a linear 
regression between           and   , and    is the ratio between            and 
   for each mode. If the    is inconsistent even for sensitive modes, it means 
that           and    do not fit well (corresponding      is usually low). Hence 
the location index is unreliable, and the severity    may be computed at a 
location other than the damage location which gives rise to the inconsistent 
results. 
For the severity results of the composite beam, it is observed that    for 
severity level 1 are inconsistent. Four out of the five    obtained are either 
negative or above 100%. These values are invalid indicating that the 
corresponding modes are insensitive for the damage severity. For example, the 
most sensitive mode (3
rd
 mode) yields a negative severity value. Hence the 
severity identification confirms that the method fails to detect the damage at 
severity level 1. 




 modes are corresponding to lower     
value and are less sensitive. The corresponding    are also found to be 
inconsistent compared to more sensitive modes, hence they are eliminated in 
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calculation of the overall severity  . As shown in Table 6.24, the overall 
severity   are found to be 46%, 65% and 80% for the 3 severity levels, 
compared to actual severity of 37%, 51% and 75% respectively. The case with 
lowest damage severity could not be identified because the actual damage of 
20% falls into the range of minimal severity detectable (9.9% to 35.4%), 
hence successful detection is not guaranteed in most locations. The severity is 
calculated as stiffness reduction in a 10mm segment which consists of about 2% 
of the entire beam length. Hence, experiment on composite beam successfully 
detected three levels of damage with error ranging from 5% to 15% of overall 
severity and the lowest damage detected is 37% stiffness reduction in 2% 
segment of the entire beam. 
 
Figure 6.24 Identified severity    of 3 damage cases and modal severity level 













































Severity level 1 Severity level 2 
Severity level 3 Severity level 4 
Modal sensitivity  level 
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Table 6.24 Results of severity identification for composite beam experiment 
(erroneous results from insensitive modes are indicated in brackets) 
Damage severity Severity level 1 Severity level 2 Severity level 3 Severity level 4 
   (120%) (-16%) (116%) (123%) 
   (42%) 46% 61% 77% 
   (-15%) 40% 62% 77% 
   (144%) 51% 86% 93% 




    
(where    is the 
number of sensitive 
modes)  
-- 46% 65% 80% 
Actual damage 
verified by FEM 
20% 37% 51% 75% 
Difference -- 9% 14% 5% 
   
6.4 Concluding remarks 
In this chapter, a frequency-based method is developed and validated both 
numerically and experimentally. The method can identify both location and 
severity of damage with reasonable accuracy, unless the severity level is low 
and the frequencies contain significant noise. Some procedures are added to 
improve results with noisy signal, and the overall identification process is 
presented as a flowchart in Figure 6.25. 
Compared to other damage detection techniques for beam structures (Huiwen, 
et al., 2006; Jialai, et al., 2007; Nicholson, et al., 2000), a major advantage of 
the frequency-based damage identification method is that it does not require 
experimental mode shape or mode shape curvature. A number of studies 
(Messina, et al., 1998; S. Wang, 2013) reported that mode shape measurement 
is much more prone to noise as compared to frequency, especially for 
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operational structure under ambient excitation. Moreover, when calculating 
mode shape curvature from mode shape using methods like finite difference or 
differential quartered method (Al Kaisy, et al., 2007), the computation error is 
in the order of the sensor spacing, which may results in additional error 
especially for sparsely spaced sensors.  
In terms of experimental set-up, the frequency-based method also greatly 
reduced the number of sensors and cables, as relatively fewer sensors are 
needed to measure frequency compared to a distributed sensor array for mode 
shape measurement. The signal processing of modal frequency identification 
can be automated by peak-picking within pre-defined frequency ranges based 
on the modal frequencies obtained from numerical result. In contrast, 
identification of mode shape requires a complex iterative process as 
demonstrated in Section 5.3.3.  
Another advantage of the method is that it requires limited work in numerical 
modeling. Because only one numerical model is required for the undamaged 
condition, there is no model-updating involved as damaged mode shape is not 
used in the calculation. Hence, the method is suitable to apply to a large 
number of standardized structures such as the wind turbine blades. 
One limitation of the frequency-based method is that it is difficult to identify 
damage near the free end, except when the noise level is very low. This is a 
common drawback for both frequency and mode shape based methods because 
damage near the free end of a cantilever beam does not introduce significant 
changes in frequencies or mode shapes. However, such damage usually does 
not impose significant risk to the overall structural integrity. If such damage 
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deteriorates, the frequency-based method is able to identify the damage when 
the damage introduces detectable change in the modal frequencies. 
Another limitation is that the proposed method is developed with the 
assumption of single damage. When multiple damages are involved, their 
effects on change of frequencies will be added up and attributed to a single 
damage. To identify multiple damages, the current information (i.e. modal 
frequencies and undamaged mode shape) is insufficient and more location-
sensitive measurements are needed such as the damaged mode shape or mode 
shape curvature. In practice, the proposed method is able to detect presence of 
damage with an estimated location and severity. The operation can be stopped 
and local detection method or maintenance personnel can be activated to 
access the details of the damage. If one or multiple damage locations are 
known, the proposed method can be used to solve for the severity of each 
damage. 
While the frequency-based method is less sensitive to small damage and not 
suitable for multiple damage, it is easy to implement as there is no iterative 
computation or model-updating. Hence, the method can be readily automated 
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Chapter 7 Conclusions and Recommendations 
 
7.1 Conclusions 
As the wind industry rapidly expands, the demand for process and structural 
health monitoring of wind turbines will continue to grow.  This growth will 
spur more research to adopt optical sensors to replace traditional electrical 
sensors due to its advantage of EMI immunity and lightning safety. However, 
the high cost and complex instrumentation of many existing optical sensors 
still limit their application from practical uses in wind turbines. Furthermore, it 
still lacks a suitable damage detection technique to utilize optical sensors, 
considering the operating condition and dynamics of wind turbines.  
The thesis therefore aims to provide effective and practical solutions to the 
structural health monitoring system of wind turbine blades.  This includes two 
major parts: (i) the optical sensors and (ii) damage detection technique. The 
works done are summarized as follows: 
1. A sensor was designed and fabricated to monitor the curing process and 
bending curvature of composite materials which are extensively used in 
wind turbine blade. Experiments demonstrated the linear response between 
sensor output and refractive index of the surrounding media. Monitoring of 
liquid resin and UV-curable prepregs showed consistent end-of-cure time 
and demonstrated the relationship between sensor sensitivity and cladding 
removal. After curing, the sensor remains functional in the structure to 
measure bending. The use of POF is first attempted for the dual-functional 
application. Compared to conventional GOF sensors used for cure 
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monitoring, the superior flexibility and high fracture toughness of POF 
enables the possibility for static and dynamic bending monitoring. The 
intensity-based mechanism is a more cost-effective option compared to 
FBG sensor which has been adopted for similar dual-functional application 
for wind turbine blade (Eum, et al., 2008). 
 
2.  A bi-axial optical fibre accelerometer was designed to measure the 
vibration of wind turbine blade. The bi-axial acceleration was measured by 
light intensity coupling between a cantilever fibre and two receiving fibres. 
A numerical simulation method was proposed to obtain the light coupling 
between two optical fibres. The simulation generates the intensity variation 
characteristics (IVC) curve according to specifications of POF, which 
provides an essential tool to design sensor parameters. The parameters of 
the optical fibre accelerometer were designed to maximize linearity, 
sensitivity and minimize errors in calibration, and the frequency bandwidth 
was customized to the frequency range of wind turbine blades. The design 
process provides a guide for further development where optical fibres with 
different dimensions or material may be investigated to meet the 
performance requirements. 
The prototype was fabricated with POF fibre and 3-D printing casing, and 
measures 40mm in length, 6mm in height and width, and weighs about 1.5 
grams. A calibration scheme was developed to relate the light intensity 
output with bi-directional accelerations. The calibrated results were shown 




The performance of the accelerometer was tested in terms of its frequency 
response and linearity. With a designed natural frequency of 133Hz, the 
accelerometer demonstrated good frequency response within 60Hz. The 
linearity range was tested up to 0.75  and is theoretically estimated to be 
up to 7.3  with 0.5% error. Both the frequency response and linearity 
range were shown to be adequate for the dynamics of a typical wind 
turbine. 
The capability of the designed accelerometer in monitoring a vibrating 
cantilever beam under wind excitation was assessed with reference to 
piezoelectric accelerometers attached to the same structure. The output-
only NExT-ERA technique was used to extract the modal parameters with 
help of stabilization diagram for physical mode selection. Data from both 
types of accelerometers provide consistent stabilization diagrams and 
modal frequencies.  
Overall, the bi-axial optical fibre accelerometer is designed to be cost-
effective, light-weight and simple-in-instrumentation. It is therefore 
demonstrated as a promising alternative to conventional piezoelectric 
accelerometers for wind turbine application. 
3. Considering the loading and dynamics of wind turbines, a frequency-based 
damage detection method was developed because of the convenience and 
accuracy in frequency measurement compared to mode shape 
measurement. The method requires the modal frequencies before and after 
damage as well as the numerical mode shapes, and is able to identify both 
location and severity of a given damage.  
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The beam is first discretized into many elements along the longitudinal 
direction, and the damage can be located by the element with the highest 
damage location index. Damage severity is measured by percentage 
stiffness reduction in the identified element. The method was verified 
using a FEM model for damage at various locations and with various 
severity levels. Results showed that damage can be identified with good 
accuracy for both location and severity except for damage with very low 
severity or located near to the free end of the beam. 
Since noise contamination is inevitable in practical applications, two 
procedures were developed to quantify the effect of noise and improve 
accuracy for noisy data. First, the confidence level of locating damage can 
be estimated based on the noise level of data. Second, when damage is 
located, erroneous severity index computed from insensitive mode can be 
removed based on modal sensitivity.  
The proposed method was further tested experimentally using two 
cantilever beams (made from aluminium and composite material 
respectively) under wind excitation. The modal frequencies were obtained 
based on the frequency spectrum of data from an attached accelerometer. 
The method identified 31% stiffness reduction in 1.4% segment (10mm 
out of 710mm) of an aluminium beam and 37% stiffness reduction in 2.4% 
segment (10.9mm out of 460mm) in a composite beam.  
Compared to other frequency-based methods, the proposed method uses 
stiffness reduction to represent general damage instead of depth of 
transverse crack as studied by Kims and Stubbs (2003) and Sayyad and 
Kumar (2012), because transverse cracks only comprise a small proportion 
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of all failure modes for wind turbine blade. Compared to works of Kim et 
al. (2003) which uses stiffness reduction to indicate severity, the proposed 
method produced higher accuracy in severity identification, especially for 
damages near the free end. Furthermore, the method does not require 
damaged mode shapes thus reducing effort in numerical modeling. 
Although the proposed method is less sensitive to small damage and 
damage near the free end compared to some mode shape or mode shape 
curvature-based method, it employs a minimal number of sensors and 
requires no iterative computation or additional numerical modeling, which 
makes it a practical and low-cost option for wind turbine monitoring. 
 
7.2 Recommendations for future works 
7.2.1 Verification of algorithm with a numerical blade model 
The proposed frequency-based method has been tested numerically and 
experimentally on cantilever beams. Future work will be carried out to test the 
efficacy of the method numerically for a more realistic geometry and material 
of a wind turbine blade. Some considerations are summarized below. 
The structure of a wind turbine blade consists of a box-beam spar to provide 
main structure component and two halves of aerodynamic shells. The 
structures are generally made from glass fibre reinforced composite. The 
composite material is anisotropic due to fibre direction (i.e. 0° for box-beam 
spar and  ±45° for the shell). Generalized element stiffness needs to be 
computed for each discretized element for the proposed method. 
202 
 
The vibration of wind turbine blade normally has two types of flexural modes, 
edge-wise and flap-wise, as well as twisting modes. The cantilever beam 
model is mainly simulating the flap-wise flexural modes. Due to the wind 
loading direction, the flap-wise flexural modes are the dominant modes and 
prone to damage. The proposed method can be applied on the flexural modes 
to identify stiffness reduction. 
7.2.2 Sensor installation on wind turbine 
To avoid effect of centrifugal force, the orientation of the optical fibre 
accelerometer should be placed with the cantilever fibre aligned parallel to the 
length of the blade. The accelerometers should be installed at locations with 
high modal amplitude. The bending sensors should be installed at the locations 
with high bending curvature. Several sensors can be installed along the blade 
to improve accuracy. 
Since the damage detection algorithm requires minimal human intervention, it 
can be constructed into an on-board signal processing unit. The signal 
processing unit can be integrated with the photodetectors located at the root of 
each blade, where the unit can send processed information such as modal 
frequencies, mean and standard deviation of the vibration signal. Processing 
signals on-board helps to minimize noise contamination as the output of the 
photodetector is directly processed without further signal transmission. It also 
reduces the amount of data that needs to be transferred. The processed data 
can be transferred to the ground control room in real time via wireless 
connection or via wired cable with slip rings to enable data transfer across the 
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rotating shaft. Alternatively, it can be stored on-board and extracted during 
scheduled check-ups. 
7.2.3 Temperature effect for frequency-based method 
The frequency-based method was tested in laboratory where the temperature is 
relatively constant. For wind turbines exposed to harsh environment, 
temperature variations between day and night or in different seasons can be 
significant. Hence, it is important to investigate and quantify the temperature 
effect on the modal frequency of wind turbine blades. 
There remains little study on the field data of temperature and frequency 
variation for wind turbine. However, the vibration-based techniques has been 
developed and applied to civil engineering structures such as bridges for 
decades, and several studies were available for bridge structures (C. Liu, et al., 
2007; Roeck, et al., 2000; Xia, et al., 2011). The studies with field data 
showed that the modal frequencies decrease with increasing temperature. The 
temperature effect for bridge structure can be attributed to changes in both 
stiffness and geometry induced boundary condition (Xia, et al., 2011), while 
for wind turbine blade which is free to expand on the free end, the effect 
should be dominantly on stiffness change.  
Hios and Fassois (2009) tested the modal frequencies of a cantilever 
composite beam between -20°C to 20°C and concluded that the modal 
frequencies decreases with increased temperature in an approximately linear 
manner. Considering that the temperature affects all modal frequencies while 
damage affects sensitive modes more than others, it is possible to separate the 
two effects. By establishing the relationship between frequency and 
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temperature based on field data and temperature record from on-board sensors, 
the temperature effect could be removed to ensure the reliability of the 
frequency-based damage detection algorithm. 
7.2.4 Integration with local detection method 
Once the vibration-based method identifies the presence of damage, it is useful 
to conduct local damage detection to verify the damage in order to avoid false 
alarm and facilitate planning of repair schedule. Several local damage 
detection methods can be utilized to confirm the results of vibration-based 
method and in the mean time to provide further information about the damage. 
For example, although guided wave technique is impractical for large 
structures with a detection range of 0.35m to 0.5m for composite materials, it 
is effective in detecting damages in local area. With knowledge of the damage 
location provided by vibration-based method, the amount of data and 
computation time using guided wave technique can be significantly reduced.  
Another method is local thermography which has been successfully applied to 
composite plates (Zweschper, et al., 2003) . The local area can be heated by an 
internal heat source or excited by a burst of ultrasound from a fixed ultrasound 
transducer. The heating and cooling of detected area can be recorded by an 
infrared camera to reveal damage. 
Other potential local damage detection tools include electrical impedance 
tomography (Matsuzaki, et al., 2006), Laser Doppler vibrometer (Muammer 





A. Turner, T. W. G., M.A. Rumsey and A.Mendez. (2009). Wind Turbine Structural 
Health Monitoring Using Optical Fiber Based Sensors. Paper presented at the 
Structural Health Monitoring 2009.  
Abdel Wahab, M. M., & De Roeck, G. (1999). Damage detection in bridges using 
modal curvatures: application to a real damage senario. [doi: DOI: 
10.1006/jsvi.1999.2295]. Journal of Sound and Vibration, 226(2), 217-235. 
Afromowitz, M. A., & Lam, K.-Y. (1990). The optical properties of curing epoxies 
and applications to the fiber-optic epoxy cure sensor. [doi: DOI: 
10.1016/0924-4247(90)87097-3]. Sensors and Actuators A: Physical, 23(1-3), 
1107-1110. 
Ahmad, H., Harun, S. W., Chong, W. Y., Zulkifli, M. Z., Thant, M. M. M., Yusof, Z., 
et al. (2008). High-sensitivity pressure sensor using a polymer-embedded 
FBG. Microwave and Optical Technology Letters, 50(1), 60-61. 
Al Kaisy, A. M. A., Esmaeel, R. A., & Nassar, M. M. (2007). Application of the 
Differential Quadrature Method to the Longitudinal Vibration of Non-
Uniform Rods. Engineering Mechanics, 14, 303-310. 
Alalusi, M., Brasil, P., Lee, S., Mols, P., Stolpner, L., Mehnert, A., et al. (2009). Low 
noise planar external cavity laser for interferometric fiber optic sensors. Paper 
presented at the Fiber Optic Sensors and Applications VI, 15 April 2009, 
USA. 
Allemang, R. J., & Brown, D. L. (1982). Correlation coefficient for modal vector 
analysis. Paper presented at the 1st International Modal Analysis Conference, 
Orlando, Florida, USA. 
Amaravadi, V., Rao, V., Koval, L. R., & Derriso, M. M. (2001). Structural health 
monitoring using wavelet transforms. Paper presented at the Smart Structures 
and Materials 2001: Smart Structures and Integrated Systems, 5-8 March 
2001, USA. 
Amenabar, I., Mendikute, A., Lopez-Arraiza, A., Lizaranzu, M., & Aurrekoetxea, J. 
(2011). Comparison and analysis of non-destructive testing techniques 
suitable for delamination inspection in wind turbine blades. Composites Part 
B: Engineering, 42(5), 1298-1305. 
Anastassopoulos, A. A., Kouroussis, D. A., Nikolaidis, V. N., & A.Proust. (2002). 
Structural integrity evaluation of wind turbine blades using pattern 
recognition analysis on acoustic emission data. Paper presented at the 25th 
European Conference on Acoustic Emission Testing.  
Ancona, D., & McVeigh, J. (2001). Wind Turbine - Materails and Manufacturing 
Fact Sheet: Office of Industrial Technologies, US Department of Energy. 
Andrawus, J. A., Watson, J., Kishk, M., & Adam, A. (2006). The selection of a 
suitable maintenance strategy for wind turbines. Wind Engineering, 
30(Copyright 2007, The Institution of Engineering and Technology), 471-486. 
206 
 
Antonucci, V., Giordano, M., Cusano, A., Nasser, J., & Nicolais, L. (2006). Real time 
monitoring of cure and gelification of a thermoset matrix. Composites 
Science and Technology, 66(Copyright 2006, The Institution of Engineering 
and Technology), 3273-3280. 
Archer, C. L., & Jacobson, M. Z. (2005). Evaluation of global wind power. Journal of 
Geophysical Research-Part D-Atmospheres, 110(Copyright 2006, The 
Institution of Engineering and Technology), 20 pp. 
Arrue, J., Aldabaldetreku, G., Durana, G., Zubia, J., Garces, I., & Jimenez, F. (2005). 
Design of mode scramblers for step-index and graded-index plastic optical 
fibers. Journal of Lightwave Technology, 23(3), 1253-1260. 
Arsenault, T. J., Achuthan, A., Marzocca, P., Grappasonni, C., & Coppotelli, G. 
(2013). Development of a FBG based distributed strain sensor system for 
wind turbine structural health monitoring. Smart Materials and Structures, 
22(7). 
Ashwill, T., & Laird, D. (2007). Concepts to facilitate very large blades. Paper 
presented at the 45th AIAA Aerospace Sciences Meeting 2007, January 8, 
2007 - January 11, 2007, Reno, NV, United states. 
Austin, T. S. P., Singh, M. M., Gregson, P. J., & Powell, P. M. (2008). 
Characterisation of fatigue crack growth and related damage mechanisms in 
FRP-metal hybrid laminates. Composites Science and Technology, 
68(Compendex), 1399-1412. 
Avdelidis, N. P., Almond, D. P., Ibarra-Castanedo, C., Bendada, A., Kenny, S., & 
Maldague, X. (2006). Structural integrity assessment of materials by 
thermography. Paper presented at the Conference of Damage in Composite 
Materials.  
Baldwin, C., Niemczuk, J., Kiddy, J., & Salter, T. (2005). Review of Fiber Optic 
Accelerometers.  
Barbosa, F. R., Borin, F., Arakaki, A., Aguiar, J. G. D., & Chaves, C. (2005). A novel 
optical accelerometer. Paper presented at the 2005 SBMO/IEEE MTT-S 
International Microwave and Optoelectronic Conference, July 25, 2005 - July 
28, 2005, Brasilia, Brazil. 
Beattie, A. G. (1997). Acoustic emission monitoring of a wind turbine blade during a 
fatigue test. United States. 
Bendat, J. S., & Piersol, A. G. (2011). Random Data: Analysis and Measurement 
Procedures: Wiley. 
Bentell, J., Uwaerts, D., Cloots, J., Bocquet, T., Neys, J., Vlekken, J., et al. (2009). 
250 kHz sampling rate FBG interrogator with strong anti-aliasing signal 
processing. Paper presented at the 20th International Conference on Optical 
Fibre Sensors, 5 Oct. 2009, USA. 
Bidkar, R. A., Kimber, M., Raman, A., Bajaj, A. K., & Garimella, S. V. (2009). 
Nonlinear aerodynamic damping of sharp-edged flexible beams oscillating at 
low Keulegan-Carpenter numbers. Journal of Fluid Mechanics, 634, 269-289. 
207 
 
Blanch, M. J., & Dutton, A. G. (2003). Acoustic emission monitoring of field tests of 
an operating wind turbine. 
Bocherens, E., Bourasseau, S., Dewynter-Marty, V., Py, S., Dupont, M., Ferdinand, 
P., et al. (1998). Damage detection in a radome sandwich material with 
embedded fiber optic sensors. Paper presented at the Proceedings of 4th 
European Conference on Smart Structures and Materials. 2nd MIMR 
International Conference on Micromechanics, Intelligent Materials and 
Robotics, 6-8 July 1998, Bristol, UK. 
Brian Evans, Practical 3D printers: The science and Art of 3D Printing, 
SpringerLink:Bucher Technology in action series, Apress 2012, ISBN 
1430243937, 9781430243939 
Bush, J., Davis, C. A., McNair, F., Cekorich, A., & Bostick, J. (1996). Low cost fiber 
optic interferometric sensors. Paper presented at the Second Pacific 
Northwest Fiber Optic Sensor Workshop 
 
Caicedo, J. M. (2011). Practical guidelines for the natural excitation techniques 
(NExT) and the eigensystem realization algorithm (ERA) for modal 
identification using ambient vibration. Experimental Techniques, 35(4), 52-
58. 
Carbajo, R. S., Staino, A., Ryan, K. P., Basu, B., & Goldrick, C. M. (2011, June 23-
24). Characterisation of Wireless Sensor Platforms for Vibration Monitoring 
of Wind Turbine Blades. Paper presented at the The 22nd IET Irish Signals 
and Systems Conference, Trinity College Dublin  
Carden, E. P., & Fanning, P. (2004). Vibration Based Condition Monitoring: A 
Review. Structural Health Monitoring, 3(4), 355-377. 
Castellini, P., & Santolini, C. (1998). Vibration measurements on blades of a naval 
propeller rotating in water with tracking laser vibrometer. Measurement, 
24(Copyright 1998, IEE), 43-54. 
Chaudhari, T. D., & Maiti, S. K. (2000). A study of vibration of geometrically 
segmented beams with and without crack. International Journal of Solids and 
Structures, 37(5), 761-779. 
Chen, K.-S., & Hsu, R.-F. (2007). Evaluation of environmental effects on mechanical 
properties and characterization of creep behavior of PMMA. Journal of the 
Chinese Institute of Engineers, Transactions of the Chinese Institute of 
Engineers,Series A/Chung-kuo Kung Ch'eng Hsuch K'an, 30(2), 267-274. 
Chia, J. F. (2008). Development of a package plastic optical fiber sensor for structural 
health monitoring,. National University of Singapore, Singapore. 
Chinchalkar, S. (2001). Determination of crack location in beams using natural 
frequencies. Journal of Sound and Vibration, 247(3), 417-429. 
Components of a wind turbine. (2009). 
http://www.britannica.com/EBchecked/media/125134/Components-of-a-
wind-turbine: Encyclopædia Britannica Online. 
208 
 
Cripps, D. (2011). The future of blade repair. Reinforced Plastics, 55(1), 28-32. 
Cui, Y., Shi, L., & Zhao, F. (2010). Modal analysis of wind turbine blade made of 
composite laminated plates. Paper presented at the Asia-Pacific Power and 
Energy Engineering Conference, APPEEC 2010, March 28, 2010 - March 31, 
2010, Chengdu, China. 
Curbell Plastics, I. (2006). Acrylic Sheet Fabrication Manual. Retrieved 2 Dec 2013: 
http://www.curbellplastics.com/technical-resources/pdf/acrylic-fab-guide-
plexiglas.pdf 
Danisch, L., Thompson, W., Ele, A., Lovely, D., Hudgins, B., Biden, E., et al. (1994). 
Bend enhanced fiber optic sensors in a teleoperation application. Paper 
presented at the Fiber Optic and Laser Sensors XI, 7-8 Sept. 1993, USA. 
Dinev, P. D. (1996). Two dimensional fiber-optical accelerometer. Review of 
Scientific Instruments, 67(1), 288-290. 
Djordjevich, A., Fung, M., & Fung, R. Y. K. (2001). Principles of deflection-
curvature measurement. Measurement Science and Technology, 
12(Compendex), 1983-1989. 
Doebling, S. W., Farrar, C. R., Prime, M. B., & Shevitz, D. W. (1996). Damage 
identification and health monitoring of structural and mechanical systems 
from changes in their vibration characteristics: A literature review. United 
States. 
Doyle, C., & Fernando, G. F. (2000). Two-axis optical fiber accelerometer. Journal of 
Materials Science Letters, 19(11), 959-961. 
Doyle, C., Martin, A., Wu, M., Liu, T., Hayes, S., Brooks, D., et al. (1996). Intensity-
based optical fibre sensors for condition monitoring of engineering materials. 
Paper presented at the Fiber Optic Sensors V, 6-7 Nov. 1996, USA. 
Elvin, N., & Leung, C. (1997). Feasibility study of delamination detection with 
embedded optical fibers. Journal of Intelligent Material Systems and 
Structures, 8(Compendex), 824-828. 
Eum, S. H., Kageyama, K., Murayama, H., Uzawa, K., Ohsawa, I., Kanai, M., et al. 
(2008). Process/health monitoring for wind turbine blade by using FBG 
sensors with multiplexing techniques. Paper presented at the 19th 
International Conference on Optical Fibre Sensors, April 15, 2008 - April 18, 
2008, Perth, WA, Australia. 
Ewins, D. J. (2000). Modal testing: theory, practice, and application: Research 
Studies Press. 
Farrar, C. R., & James, G. H., III. (1997). System identification from ambient 
vibration measurements on a bridge. Journal of Sound and Vibration, 205(1), 
1-18. 
Fattahi, S. J., Zabihollah, A., & Zareie, S. (2010). Vibration Monitoring of Wind 
Turbine Blade using Fiber Bragg Grating. Wind Engineering, 34(6), 721-731. 
209 
 
Frankenstain, B., Schubert, L., Schulze, E., Fischer, D., Weihnacht, B., & Rieske, R. 
(2011). Lightning Protected Monitoring System for Wind Turbine Roter 
Blades. Paper presented at the Structural Health Monitoring 2011.  
Gao, W., Glorieux, C., & Thoen, J. (2003). Laser ultrasonic study of Lamb waves: 
Determination of the thickness and velocities of a thin plate. International 
Journal of Engineering Science, 41(Compendex), 219-228. 
GCube Insurance. (2012). Top 5 US Wind Energy Claims. http://www.gcube-
insurance.com/en/top-5-wind-energy-claims/ 
Ghoshal, A., Martin, W. N., Schulz, M. J., Chattopadhyay, A., Prosser, W. H., & Kim, 
H. S. (2007). Health monitoring of composite plates using acoustic wave 
propagation, continuous sensors and wavelet analysis. Journal of Reinforced 
Plastics and Composites, 26(Copyright 2007, The Institution of Engineering 
and Technology), 95-112. 
Glavind L, Olesen I, Skipper B, Kristensen M; Fiber-optical grating sensors for wind 
turbine blades: a review. Opt. Eng. 0001;52(3):030901-030901 
Gloge, D. (1972). Optical power flow in multimode fibers. Bell System Technical 
Journal, 51(8), 1767-1783. 
Glushakow, B. (2007). Effective lightning protection for wind turbine generators. 
IEEE Transactions on Energy Conversion, 22(1), 214-222. 
Griffin, D. (2002). Blade System Design Studies Volume I: Composite Technologies 
for Large Wind Turbine Blades: NASA. 
Gros, X. E. (1995). An eddy current approach to the detection of damage caused by 
low-energy impacts on carbon fibre reinforced materials. Materials &amp; 
Design, 16(3), 167-173. 
Guillaume, P., Vanherzeele, J., Vanlanduit, S., Longo, R., & Van Nieuwenhuyse, K. 
(2008). Identification of fully parameterized modal models using scanning 
laser Doppler vibrometer measurements. Paper presented at the Eighth 
International Conference on Vibration Measurements by Laser Techniques: 
Advances and Applications, 18-20 June 2008, USA. 
Guo, Z.-S., Zhang, J., Hu, H., & Guo, X. (2007). Structural health monitoring of 
composite wind blades by fiber bragg grating. Paper presented at the 
International Conference on Smart Materials and Nanotechnology in 
Engineering, July 1, 2007 - July 4, 2007, Harbin, China. 
Hahn, B., Durstewitz, M., & Rohrig, K. (2007). Reliability of wind turbines: 
Experiences of 15 years with 1,500 WTs. Paper presented at the The 
Euromach Colloquium, Oldenburg, Germany. 
Hahn, F., Kensche, C. W., Paynter R J H, Dutton A G, C, K., & J, K. o. (2002). 
Design, fatigue test and NDE of a sectional wind turbine rotor blade Journal 
of Thermoplastic Composite Materials, 15(3), 267-277. 
Hansen, M. O. L., Srensen, J. N., Voutsinas, S., Srensen, N., & Madsen, H. A. (2006). 
State of the art in wind turbine aerodynamics and aeroelasticity. Progress in 
Aerospace Sciences, 42(Compendex), 285-330. 
210 
 
Harris, C., & Crede, C. (1976). Shock and Vibration Handbook (2nd ed.). New York: 
McGraw-Hill. 
Hios, J. D., & Fassois, S. D. (2009). Stochastic identification of temperature effects 
on the dynamics of a smart composite beam: Assessment of multi-model and 
global model approaches. Smart Materials and Structures, 18(3). 
Hoffman Peter, Eric Hopewell and Brian Janes, Precision maching technology, 
Second edition, Cengage Learning, 2014, ISBN 1305176677, 
9781305176676 
Hong, J. C., Kim, Y. Y., Lee, H. C., & Lee, Y. W. (2002). Damage detection using 
the Lipschitz exponent estimated by the wavelet transform: applications to 
vibration modes of a beam. International Journal of Solids and Structures, 
39(7), 1803-1816. 
Howard, B., Wilson, N. D., Newman, S. M., Pfeifer, C. S., & Stansbury, J. W. (2010). 
Relationships between conversion, temperature and optical properties during 
composite photopolymerization. [doi: DOI: 10.1016/j.actbio.2009.11.006]. 
Acta Biomaterialia, 6(6), 2053-2059. 
Huang, C. S., Yang, Y. B., Lu, L. Y., & Chen, C. H. (1999). Dynamic testing and 
system identification of a multi-span highway bridge. Earthquake 
Engineering and Structural Dynamics, 28(8), 857-878. 
Huiwen, H., Bor-Tsuen, W., Cheng-Hsin, L., & Jing-Shiang, S. (2006). Damage 
detection of surface cracks in composite laminates using modal analysis and 
strain energy method. Composite Structures, 74(4), 399-405. 
Hyung-joon, B., Hyun-ki, S., & Yung-chul, J. (2010). Structural health monitoring of 
a composite wind turbine blade using fiber Bragg grating sensors. Paper 
presented at the Sensors and Smart Structures Technologies for Civil, 
Mechanical, and Aerospace Systems 2010, 8-11 March 2010, USA. 
Ibrahim, S. R. (1977). Random decrement technique for modal identification of 
structures. Journal of Spacecraft and Rockets, 14(11), 696-700. 
Ibrahim, S. R., & Mikulcik, E. C. (1977). Method for the direct identification of 
vibration parameters from the free response. Shock and Vibration 
Bulletin(47). 
Isago, R., Nakamura, K., & Ueha, S. (2008). A high reading rate FBG sensor system 
using a high-speed swept light source based on fiber vibrations. Paper 
presented at the 19th International Conference on Optical Fibre Sensors, 15 
April 2008, USA. 
Ishiyama, C., & Higo, Y. (2002). Effects of humidity on young's modulus in 
poly(methyl methacrylate). Journal of Polymer Science, Part B (Polymer 
Physics), 40(5), 460-465. 
Jacob, A. (2005). UV-curable prepregs. Reinforced Plastics, 49(7), 57-59. 
James, G., Mayes, R., Carne, T., Simmermacher, T., & Goodding, J. (1995). Health 
monitoring of operational structures - initial results. Paper presented at the 
Proceedings of the 36th AIAA/ASME/ASCE/AHS/ASC Structures, 
211 
 
Structural Dynamics, and Materials Conference and AIAA/ASME Adaptive 
Structures Forum. Part 1 (of 5), April 10, 1995 - April 13, 1995, New Orleans, 
LA, USA. 
James, G. H. (1994). Extraction of modal parameters from an operation HAWT using 
the natural excitation technique (NEXT). Paper presented at the Proceedings 
of the Energy-Sources Technology Conference, January 23, 1994 - January 
26, 1994, New Orleans, LA, USA. 
Jang, B. Z., & Shih, W. K. (1990). Techniques for cure monitoring of thermoset 
resins and composites. A review. Materials and Manufacturing Processes, 
5(2), 301-331. 
Jialai, W., & Pizhong, Q. (2007). Improved damage detection for beam-type 
structures using a uniform load surface. Structural Health Monitoring, 6(2), 
99-110. 
Jin-Hak, Y., & Chung-Bang, Y. (2004). Comparative study on modal identification 
methods using output-only information. from Techno Press:  
Jinping, O., & Hui, L. (2010). Structural Health Monitoring in mainland China: 
Review and Future Trends. Structural Health Monitoring, 9(Copyright 2011, 
The Institution of Engineering and Technology), 219-231. 
Joosse, P. A., Blanch, M. J., Dutton, A. G., Kouroussis, D. A., Philippidis, T. P., & 
Vionis, P. S. (2002). Acoustic emission monitoring of small wind turbine 
blades. Transactions of the ASME. Journal of Solar Energy Engineering, 
124(Copyright 2003, IEE), 446-454. 
Juang, J.-N. (1994a). Applied system identification: PTR Prentice Hall. 
Juang, J.-N. (1994b). Linear system identification via backward-time observer models. 
Journal of Guidance, Control, and Dynamics, 17(Compendex), 505-512. 
Juang, J.-N., & Pappa, R. S. (1985). An eigensystem realization algorithm for modal 
parameter identification and model reduction. Journal of Guidance, Control, 
and Dynamics, 8(Copyright 1986, IEE), 620-627. 
Juang, J. N., & Phan, M. (1994). Linear system identification via backward-time 
observer models. Journal of Guidance, Control, and Dynamics, 17(Copyright 
1994, IEE), 505-512. 
Jung-Ryul, L., & Hyeong-Cheol, K. (2013). Feasibility of in situ blade deflection 
monitoring of a wind turbine using a laser displacement sensor within the 
tower. Smart Materials and Structures, 22(2), 027002 (027008 pp.). 
Kalenik, J., & Pajak, R. (1998). Cantilever optical-fiber accelerometer. Sensors and 
Actuators, A: Physical, 68(1 -3 pt 2), 350-355. 
Keller, A. C. (1975). Real-time spectrum analysis of machinery dynamics. Sound and 
Vibration, 9(4), 40-48. 
Khan, L., Johnson, I. P., Yuan, W., Stefani, A., Nielsen, K., Rasmussen, H. K., et al. 
(2011). Humidity sensitivity of topas optical fibre bragg grating. Paper 
212 
 
presented at the 20th International Conference on Plastic Optical Fibers, POF 
2011, September 14, 2011 - September 16, 2011, Bilbao, Spain. 
Ki-Sun, C., Yong-Hak, H., Il-Bum, K., & Dong-Jin, Y. (2012). A tip deflection 
calculation method for a wind turbine blade using temperature compensated 
FBG sensors. Smart Materials and Structures, 21(2), 025008 (025009 pp.). 
Kiddy, J. (2006, April 18, 2006). Fiber Optic Monitoring of Wind Turbine Blades. 
Paper presented at the Sandia Wind Blade Workshop. 
Kim, B. H., Park, T., & Voyiadjis, G. Z. (2006). Damage estimation on beam-like 
structures using the multi-resolution analysis. International Journal of Solids 
and Structures, 43(14–15), 4238-4257. 
Kim, J.-T., Ryu, Y.-S., Cho, H.-M., & Stubbs, N. (2003). Damage identification in 
beam-type structures: Frequency-based method vs mode-shape-based method. 
Engineering Structures, 25(1), 57-67. 
Kim, J.-T., & Stubbs, N. (2003). Crack detection in beam-type structure using 
frequency data. Journal of Sound and Vibration, 259(1), 145-160. 
Kosaka, T., Nakamura, A., Ohsaka, K., & Sawada, Y. (2005). Real-time cure and 
health monitoring of FW FRP by using built-in FBG sensor. Journal of the 
Society of Materials Science, Japan, 54(Copyright 2005, IEE), 507-512. 
K. Krebber ; W. Habel ; T. Gutmann ; C. Schram; Fiber Bragg grating sensors for 
monitoring of wind turbine blades. Proc. SPIE 5855, 17th International 
Conference on Optical Fibre Sensors, 1036 (August 30, 2005) 
Krug, F., & Lewke, B. (2009). Electromagnetic interference on large wind turbines. 
Energies, 2(4), 1118-1129. 
Kuang, K. S. C., Cantwell, W. J., & Scully, P. J. (2002). An evaluation of a novel 
plastic optical fibre sensor for axial strain and bend measurements. 
Measurement Science and Technology, 13(10), 1523-1534. 
Kuang, K. S. C., Quek, S. T., Koh, C. G., Cantwell, W. J., & Scully, P. J. (2009). 
Plastic Optical Fibre Sensors For Structural Health Monitoring: A Review Of 
Recent Progress. Journal of Sensors(Copyright 2010, The Institution of 
Engineering and Technology), 312053 (312013 pp.). 
Kuang, K. S. C., Quek, S. T., & Maalej, M. (2005). Polymer-based optical fiber 
sensors for health monitoring of engineering structures. Paper presented at 
the Smart Structures and Materials 2005: Sensors and Smart Structures 
Technologies for Civil, Mechanical, and Aerospace Systems, 7 March 2005, 
USA. 
Kuang, K. S. C., Quek, S. T., Tan, C. Y., & Chew, S. H. (2008). Plastic optical fiber 
sensors for measurement of large strain in geotextile materials. Paper 
presented at the Multi-functional Materials and Structures - International 
Conference on Multifunctional Materials and Structures, July 28, 2008 - July 
31, 2008, Hong Kong, P.R., China. 
213 
 
Larsen, F. M., & Sorensen, T. (2003). New lightning qualiﬁcation test procedure for 
large wind turbine blades. Paper presented at the Conference Lightning and 
Static Electricity.  
Lee, D. C., Lee, J. J., & Kwon, I. B. (2000). Monitoring of fatigue crack growth in 
steel structures using intensity-based optical fiber sensors. Journal of 
Intelligent Material Systems and Structures, 11(Copyright 2001, IEE), 100-
107. 
Lee, D. C., Lee, J. J., Kwon, I. B., & Seo, D. C. (2001). Monitoring of fatigue damage 
of composite structures by using embedded intensity-based optical fiber 
sensors. Smart Materials and Structures, 10(Copyright 2001, IEE), 285-292. 
Lee, J.-R., & Tsuda, H. (2005). A novel fiber Bragg grating acoustic emission sensor 
head for mechanical tests. Scripta Materialia, 53(Compendex), 1181-1186. 
Lemistre, M., & Balageas, D. (2001). Structural health monitoring system based on 
diffracted Lamb wave analysis by multiresolution processing. Paper 
presented at the European COST F3 Conference on System Identification and 
Structural Health Monitoring, June 2000, UK. 
Lestari, W., Pizhong, Q., & Hanagud, S. (2007). Curvature mode shape-based 
damage assessment of carbon/epoxy composite beams. Journal of Intelligent 
Material Systems and Structures, 18(3), 189-208. 
Lestari, W., & Qiao, P. (2005). Damage detection of fiber-reinforced polymer 
honeycomb sandwich beams. [doi: DOI: 10.1016/j.compstruct.2004.01.023]. 
Composite Structures, 67(3), 365-373. 
Li, C., Cao, M., Wang, R., Wang, Z., Qiao, Y., Wan, L., et al. (2003). Fiber-optic 
composite cure sensor: Monitoring the curing process of composite material 
based on intensity modulation. Composites Science and Technology, 
63(Compendex), 1749-1758. 
Liang, R. Y., Choy, F. K., & Hu, J. (1991). Detection of cracks in beam structures 
using measurements of natural frequencies. Journal of the Franklin Institute, 
328(4), 505-518. 
Lieven, N. A. J., & Ewins, D. J. (1988). Spatial correlation of modespaces: the 
coordinate modal assurance criterion (COMAC). Paper presented at the 
Proceedings of the 6th International Modal Analysis Conference Kissimmee, 
Florida, USA. 
Linowes, L. (2008). Catastrophic turbine failure at Vermont wind farm raises doubt 




Liu, C., & DeWolf, J. T. (2007). Effect of temperature on modal variability of a 
curved concrete bridge under ambient loads. Journal of Structural 
Engineering, 133(12), 1742-1751. 
Liu, H. Y., Peng, G. D., & Chu, P. L. (2002). Thermal stability of gratings in PMMA 
and CYTOP polymer fibers. Optics Communications, 204(1-6), 151-156. 
214 
 
Liu, R., Fu, Z., Zhao, Y., Cao, Q., & Wang, S. (2006). Operation principle of a bend 
enhanced curvature optical fiber sensor. Paper presented at the 2006 
IEEE/RSJ International Conference on Intelligent Robots and Systems, IROS 
2006, October 9, 2006 - October 15, 2006, Beijing, China. 
Lopez-Hignera, J. M., Morante, M. A., & Cobo, A. (1997). Simple low-frequency 
optical fiber accelerometer with large rotating machine monitoring 
applications. Journal of Lightwave Technology, 15(Copyright 1997, IEE), 
1120-1130. 
Mahieux, C. A. (1999). A Systematic Stiffness-Temperature Model for Polymers and 
Applications to the Prediction of Composite Behavior. Virginia Tech, 
Blacksburg, Virginia. 
Majumder, M., Gangopadhyay, T. K., Chakraborty, A. K., Dasgupta, K., & 
Bhattacharya, D. K. (2008). Fibre Bragg gratings in structural health 
monitoring-Present status and applications. Sensors and Actuators, A: 
Physical, 147(1), 150-164. 
Malnick, E., & Mendick, R. (2011). 1,500 accidents and incidents on UK wind farms. 
The Telegraph. Retrieved from 
http://www.telegraph.co.uk/news/uknews/8948363/1500-accidents-and-
incidents-on-UK-wind-farms.html 
Marsh, G. (2011). Meeting the challenge of wind turbine blade repair. Reinforced 
Plastics, 55(4), 32-36. 
Martin, A. R., Fernando, G. F., & Hale, K. F. (1997). Impact damage detection in 
filament wound tubes using embedded optical fiber sensors. Smart Materials 
and Structures, 6(Compendex), 470-476. 
Matsuzaki, R., & Todoroki, A. (2006). Wireless detection of internal delamination 
cracks in CFRP laminates using oscillating frequency changes. Composites 
Science and Technology, 66(3-4), 407-416. 
McKenzie, I., Jones, R., Marshall, I. H., & Galea, S. (2000). Optical fibre sensors for 
health monitoring of bonded repair systems. Composite Structures, 
50(Compendex), 405-416. 
Messina, A., Williams, E. J., & Contursi, T. (1998). Structural damage detection by a 
sensitivity and statistical-based method. Journal of Sound and Vibration, 
216(5), 791-808. 
Mitsubishi Rayon Co., L. Specification Sheet CK-20 High-performance Plastic 
Optical Fiber Eska. 
http://www.pofeska.com/pofeskae/download/pdf/f/CK20.pdf 
Mohanty, P., & Rixen, D. J. (2006). Modified ERA method for operational modal 
analysis in the presence of harmonic excitations. Mechanical Systems and 
Signal Processing, 20(1), 114-130. 
Moro, E. A., Todd, M. D., & Puckett, A. (2010). A performance comparison of 
transducer designs for interferometric fiber optic accelerometers. Paper 
presented at the Smart Sensor Phenomena, Technology, Networks, and 
215 
 
Systems 2010, March 8, 2010 - March 10, 2010, San Diego, CA, United 
states. 
Mzyk, A., Jureczko, M., & Pawlak, M. (2005). Optimisation of wind turbine blades. 
Journal of Materials Processing Technology, 167(Copyright 2006, IEE), 463-
471. 
N.Takeda, Y. O., J. Kuwahara, S. Kojima, T. Ogisu. (2005). Development of smart 
composite structures with small diameter fiber Bragg grating sensors for 
damage detection: quantitative evaluation of delamination length in CFRP 
laminates using Lamb wave sensing. Composites Science and Technology, 
65, 2575-2587. 
Nandwana, B. P., & Maiti, S. K. (1997). Detection of the location and size of a crack 
in stepped cantilever beams based on measruements of natural frequencies. 
Journal of Sound and Vibration, 203(3), 435-446. 
Nicholson, D. W., & Alnefaie, K. A. (2000). Modal moment index for damage 
detection in beam structures. Acta Mechanica, 144(3-4), 155-167. 
Ogisu, T., Shimanuki, M., Kiyoshima, S., Okabe, Y., & Takeda, N. (2005). Damage 
growth detection of composite laminate using embedded FBG sensor/PZT 
actuator hybrid system. Paper presented at the Smart Structures and Materials 
2005: Smart Sensor Technology and Measurement Systems, 9 March 2005, 
USA. 
Oishi, A., Yamada, K., Yoshimura, S., Yagawa, G., Nagai, S., & Matsuda, Y. (2001). 
Neural Network-Based Inverse Analysis for Defect Identification with Laser 
Ultrasonics. Research in Nondestructive Evaluation, 13(2), 79-96. 
Okabe, Y., Yashiro, S., Kosaka, T., & Takeda, N. (2000). Detection of transverse 
cracks in CFRP composites using embedded fiber Bragg grating sensors. 
Smart Materials and Structures, 9(Copyright 2001, IEE), 832-838. 
Olson, S. E., DeSimio, M. P., & Derriso, M. M. (2006). Beamforming of Lamb 
Waves for Structural Health Monitoring (Preprint). 11p. 
Oyadiji, S. O., & Shuncong, Z. (2007). Crack detection in simply supported beams 
without baseline modal parameters by stationary wavelet transform. 
Mechanical Systems and Signal Processing, 21(4), 1853-1884. 
Ozbek, M., Rixen, D. J., Erne, O., & Sanow, G. (2010). Feasibility of monitoring 
large wind turbines using photogrammetry. Energy, 35(12), 4802-4811. 
Ozbek, M., Rixen, D. J., & Verbruggen, T. W. (2009). Remote monitoring of wind 
turbine dynamics by laser interferometry: Phase1. Paper presented at the 27th 
Conference and Exposition on Structural Dynamics 2009, IMAC XXVII, 
February 9, 2009 - February 12, 2009, Orlando, FL, United states. 
Pandey, A. K., Biswas, M., & Samman, M. M. (1991). Damage detection from 




Payo, I., Feliu, V., & Cortázar, O. D. (2009). Fibre Bragg grating (FBG) sensor 
system for highly flexible single-link robots. Sensors and Actuators A: 
Physical, 150(1), 24-39. 
Philip-Chandy, R., Scully, P. J., & Morgan, R. (2000). The design, development and 
performance characteristics of a fibre optic drag-force flow sensor. 
Measurement Science &amp; Technology, 11(Copyright 2000, IEE), 31-35. 
Poudel, U. P., Fu, G., & Ye, J. (2007). Wavelet transformation of mode shape 
difference function for structural damage location identification. Earthquake 
Engineering and Structural Dynamics, 36(8), 1089-1107. 
Powell, G. R., Crosby, P. A., Waters, D. N., France, C. M., Spooncer, R. C., & 
Fernando, G. F. (1998). In-situ cure monitoring using optical fibre sensors - a 
comparative study. Smart Materials and Structures, 7(4), 557. 
Qi, K., He, Z., Li, Z., Zi, Y., & Chen, X. (2008). Vibration based operational modal 
analysis of rotor systems. Measurement: Journal of the International 
Measurement Confederation, 41(Compendex), 810-816. 
Qin, Q., Li, H. B., Qian, L. Z., & Lau, C. K. (2001). MODAL IDENTIFICATION 
OF TSING MA BRIDGE BY USING IMPROVED EIGENSYSTEM 
REALIZATION ALGORITHM. Journal of Sound and Vibration, 247(2), 
325-341. 
Rachidi, F., Rubinstein, M., Montanya, J., Bermudez, J. L., Rodriguez Sola, R., Sola, 
G., et al. (2008). A review of current issues in lightning protection of new-
generation wind-turbine blades. IEEE Transactions on Industrial Electronics, 
55(Copyright 2008, The Institution of Engineering and Technology), 2489-
2496. 
Radzienski, M., Krawczuk, M., & Ostachowicz, W. (2009). Experimental verification 
and comparison of mode shape-based damage detection methods. Key 
Engineering Materials, 413-414(Compendex), 699-706. 
Rajagopalan, J., Balasubramaniam, K., & Krishnamurthy, C. V. (2006). A phase 
reconstruction algorithm for Lamb wave based structural health monitoring 
of anisotropic multilayered composite plates. Journal of the Acoustical 
Society of America, 119(Copyright 2006, IEE), 872-878. 
Rantala, J., Wu, D., & Busse, G. (1995). Amplitude-modulated lock-in 
vibrothermography for NDE of polymers and composites. Research in 
Nondestructive Evaluation, 7(Compendex), 215-228. 
Reynders, E. (2012). System Identification Methods for (Operational) Modal 
Analysis: Review and Comparison. Archives of Computational Methods in 
Engineering, 19(1), 51-124. 
Ribrant, J., & Bertling, L. (2007). Survey of failures in wind power systems with 
focus on Swedish wind power plants during 1997-2005. Paper presented at 
the 2007 IEEE Power Engineering Society General Meeting, PES, June 24, 
2007 - June 28, 2007, Tampa, FL, United states. 
Risø DTU. (2008). Final report on investigation of a catastrophic turbine failures, 





Roeck, G. D., Peeters, B., & Maeck, J. (2000). Dynamic monitoring of civil 
engineering structures. Paper presented at the Computational Methods for 
Shell and Spatial Structures. Retrieved from 
http://bwk.kuleuven.be/apps/bwm/papers/deroip00b.pdf 
Rosenbloom, E. (2006). A Problem with Wind Power. 2011, from 
http://www.aweo.org 
Rucka, M., & Wilde, K. (2006). Application of continuous wavelet transform in 
vibration based damage detection method for beams and plates. Journal of 
Sound and Vibration, 297(3-5), 536-550. 
Rudge Barbosa, F., Borin, F., Arakaki, A., Aguiar, J. G. D., & Chaves, C. (2005). A 
novel optical accelerometer with wide operation range. Paper presented at the 
Sensors for Harsh Environments II, 23 Oct. 2005, USA. 
Rumsey, M. A., & Musial, W. (2001). Application of Infrared Thermography 
Nondestructive Testing during Wind Turbine Blade Tests. Journal of Solar 
Energy Engineering, 123(4), 271-271. 
Salawu, O. S. (1997). Detection of structural damage through changes in frequency: a 
review. Engineering Structures, 19(9), 718-723. 
Savovic, S., Djordjevich, A., Drljaca, B., & Simovic, A. (2009). Equilibrium mode 
distribution and steady state distribution in step-index glass optical fibers. 
Acta Physica Polonica A, 116(4), 655-657. 
Sayyad, F. B., & Kumar, B. (2012). Identification of crack location and crack size in 
a simply supported beam by measurement of natural frequencies. Journal of 
Vibration and Control, 18(2), 183-190. 
Schubel, P. J. (2010). Technical cost modelling for a generic 45-m wind turbine blade 
producedby vacuum infusion (VI). [doi: 10.1016/j.renene.2009.02.030]. 
Renewable Energy, 35(1), 183-189. 
Schubel, P. J., Crossley, R. J., Boateng, E. K. G., & Hutchinson, J. R. (2013). Review 
of structural health and cure monitoring techniques for large wind turbine 
blades. Renewable Energy, 51, 113-123. 
Shepard, D. D., & Smith, K. R. (1999). Ultrasonic cure monitoring of advanced 
composites. Sensor Review, 19 
(3), 187-194. 
Shifei, Y., & Allen, M. S. (2012). Output-only Modal Analysis using Continuous-
Scan Laser Doppler Vibrometry and application to a 20kW wind turbine. 
Mechanical Systems and Signal Processing, 31, 228-245. 
Shin, C. S., Chen, B. L., Cheng, J. R., & Liaw, S. K. (2010). Impact response of a 
wind turbine blade measured by distributed FBG sensors. Materials and 
Manufacturing Processes, 25(Compendex), 268-271. 
218 
 
Shokrieh, M. M., & Rafiee, R. (2006). Simulation of fatigue failure in a full 
composite wind turbine blade. Composite Structures, 74(Copyright 2006, The 
Institution of Engineering and Technology), 332-342. 
Siringoringo, D. M., & Fujino, Y. (2008). System identification of suspension bridge 
from ambient vibration response. Engineering Structures, 30(2), 462-477. 
Siringoringo, D. M., & Fujino, Y. (2009). Noncontact operational modal analysis of 
structural members by laser doppler vibrometer. Computer-Aided Civil and 
Infrastructure Engineering, 24(Compendex), 249-265. 
Sorensen, B. F. (2002). Fundamentals for remote structural health monitoring of wind 
tuebine blades-a preproject Riso National Laboratory. 
Sørensen, B. F., Jørgensen, E., Debel, C. P., Jensen, F. M., Jensen, H. M., Jacobsen, T. 
K., et al. (2004). improved design of large wind turbine blade of fiber 
composites based on studies of scale effects (Phase 1) summary report: Riso 
National Laboratory, Denmark. 
Stanbridge, A. B., Martarelli, M., & Ewins, D. J. (2000). Scanning laser Doppler 
vibrometer applied to impact modal testing. Shock and Vibration Digest, 
32(Compendex), 35. 
Stefani, A., Andresen, S., Wu, Y., Herholdt-Rasmussen, N., & Bang, O. (2012). High 
Sensitivity Polymer Optical Fiber-Bragg-Grating-Based Accelerometer. IEEE 
Photonics Technology Letters, 24(9), 763-765. 
Stepinski, T., & Engholm, M. (2010, June 29 - July 02, 2010). Advanced 
beamforming of 2D arrays for structural health monitoring using Lamb 
waves. Paper presented at the 5th European Workshop on Structural Health 
Monitoring, Sorrento, Italy. 
Su, Z., Ye, L., & Lu, Y. (2006). Guided Lamb waves for identification of damage in 
composite structures: A review. [doi: DOI: 10.1016/j.jsv.2006.01.020]. 
Journal of Sound and Vibration, 295(3-5), 753-780. 
Sun, L., Shen, Y., & Cao, C. (2009). A novel FBG-based accelerometer with high 
sensitivity and temperature self-compensation. Paper presented at the Sensors 
and Smart Structures Technologies for Civil, Mechanical, and Aerospace 
Systems 2009, March 9, 2009 - March 12, 2009, San Diego, CA, United 
states. 
Sundaresan, M. J., Schulz, M. J., & Ghoshal, A. (2002). Structural Health Monitoring 
Static Test of a Wind Turbine Blade. United States. 
Surtees, A. J., Martzloff, F. D., & Rousseau, A. (2006). Grounding for surge-
protective devices ground resistance versus ground impedance. Paper 
presented at the 2006 IEEE Power Engineering Society General Meeting, 
PES, June 18, 2006 - June 22, 2006, Montreal, QC, Canada. 
Takeda, N. (2002). Characterization of microscopic damage in composite laminates 
and real-time monitoring by embedded optical fiber sensors. International 
Journal of Fatigue, 24, 281-289. 
219 
 
Takeda, N., Okabe, Y., Kuwahara, J., & Kojima, S. (2005). Lamb wave sensing using 
fiber Bragg grating sensors for delamination detection in composite laminates. 
Paper presented at the Smart Structures and Materials 2005: Smart Sensor 
Technology and Measurement Systems, 9 March 2005, USA. 
Talebinejad, I., Fischer, C., & Ansari, F. (2009). Serially multiplexed FBG 
accelerometer for structural health monitoring of bridges. Smart Structures 
and Systems, 5(4), 345-355. 
Teng, L., Feng, L., Lin, H., Zhang, B., & Liu, C. (2006). A new fiber Bragg grating 
accelerometer. Paper presented at the Sitxh International Symposium on 
Instrumentation and Control Technology: Signal Analysis, Measurement 
Theory, Photo-Electronic Technology, and Artificial Intelligence, October 13, 
2006 - October 15, 2006, Beijing, China. 
Tien, P. K. (1971). Light waves in thin films and integrated optics. Applied Optics, 
10(11), 2395-2313. 
Tua, P. S., Quek, S. T., & Wang, Q. (2004). Detection of cracks in plates using piezo-
actuated Lamb waves. Smart Materials and Structures, 13(Compendex), 643-
660. 
Turner, A., Graver, T. W., Rumsey, M. A., & Mendez, A. (2009). Wind Turbine 
Structural Health Monitoring Using Optical Fiber Based Sensors. Paper 
presented at the Structural Health Monitoring 2009.  
Ungethuem, A., & Lammering, R. (2010, June 29 - July 02, 2010). Impact and 
Damage Localization on Carbon-Fiber-Reinforced Plastic Plates. Paper 
presented at the 5th European Workshop on Structural Health Monitoring, 
Sorrento, Italy. 
Utne, I. B. (2010). Maintenance strategies for deep-sea offshore wind turbines. 
Journal of Quality in Maintenance Engineering, 16(Copyright 2010, The 
Institution of Engineering and Technology), 367-381. 
Vachon, W. (2002). Long Term O&M Costs of Wind Terbines Based on Failure 
Rates and Repair Costs. Paper presented at the Windpower American Wind 
Energy Association Annual Conference.  
Wang, Q., & Deng, X. (1999). Damage detection with spatial wavelets. International 
Journal of Solids and Structures, 36(23), 3443-3468. 
Wang, S. (2013). Iterative modal strain energy method for damage severity 
estimation using frequency measurements. Structural Control and Health 
Monitoring, 20(2), 110-120. 
Weast, R. C. (1989). CRC Handbook of Chemistry and Physics (70 ed.): Taylor & 
Francis. 
Wei, F., & Pizhong, Q. (2011). Vibration-based Damage Identification Methods: A 
Review and Comparative Study. Structural Health Monitoring, 10(1), 83-111. 
Wenjun, Z., Xinyong, D., Kai, N., Chan, C. C., & Shum, P. (2009). Temperature 
insensitive accelerometer based on a strain-chirped FBG. Paper presented at 
220 
 
the 20th International Conference on Optical Fibre Sensors, 5 Oct. 2009, 
USA. 
Wu, Y., Khan, L., Webb, D. J., Kalli, K., Rasmussen, H. K., Stefani, A., et al. (2011). 
Humidity insensitive TOPAS polymer fiber Bragg grating sensor. Optics 
Express, 19(20), 19731-19739. 
Wu, Z., Qing, X. P., & Chang, F.-K. (2009). Damage detection for composite 
laminate plates with a distributed hybrid PZT/FBG sensor network, 55 City 
Road, London, EC1Y 1SP, United Kingdom. 
Xia, Y., Weng, S., Su, J.-Z., & Xu, Y.-L. (2011). Temperature Effect on Variation of 
Structural Frequencies: from Laboratory Testing to Field Monitoring Paper 
presented at the The 6th International Workshop on Advanced Smart 
Materials and Smart Structures Technology.  
Yi, J.-H., & Yun, C.-B. (2004). Comparative study on modal identification methods 
using output-only information. from Techno Press:  
Zhong, S., Oyadiji, S. O., & Ding, K. (2008). Response-only method for damage 
detection of beam-like structures using high accuracy frequencies with 
auxiliary mass spatial probing. Journal of Sound and Vibration, 311(3–5), 
1075-1099. 
Zweschper, T., Riegert, G., Dillenz, A., & Busse, G. (2003). Ultrasound burst phase 
thermography (UBP) for applications in the automotive industry. AIP 
Conference Proceedings(657A), 531-536. 
 
   
221 
 
Appendix A Numerical models and simulation results to 
formulate the frequency-based method 
A.1 Finite element model of uniform aluminium beam  
A clamped-free aluminium beam of 1000 mm long, 40 mm wide and 1 mm 
thick was adopted in the present study. The model was constructed using finite 
element analysis software Abaqus. The beam was modeled by 100 1-D Euler-
Bernoulli beam elements with Young’s modulus   of 70GPa and mass density 
  of 2700kg/m3. Damage was introduced by reduction in Young’s modulus E 
at element 75 located 0.745 m from the free end. A schematic of the model is 
shown in Figure A.1. 
 
Figure A.1 Schematic of the numerical model of the uniform aluminium 
cantilever beam with damage location 
A.2 Computation of       and        
With the simulation results,    
  for the first 5 modes with 5 severity levels 
were computed. Figure A.2 shows the    
  for the first 5 modes with 3 severity 
levels compared to undamaged    . It is observed that there is a sharp rise in  
   
  at the damaged element, and the peak value increases as damage severity 
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increase. For undamaged elements,    
  varies with the same proportional 
compared to the undamaged    .  
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Figure A.2     
  for the first 5 modes with 3 severity levels compared to 
undamaged     
 
When    
  is plotted against     only for the undamaged elements, the two 
variables forms a linear relationship with slopes varying according to the 
damage severity, as shown in Figure A.3. Hence we can assume that 
   
 
   
                for undamaged elements where      can be found from 
the linear regression coefficient from Figure A.3. The value of      is shown in 
Table A.1. 
 



















































































































































Figure A.3     
  vs.     for undamaged elements for the first 5 modes with 3 
severity levels 
 
Table A.1     
  computed from numerical results  
     1st Mode 2nd Mode 3rd Mode 4th Mode 5th Mode 
10% 89.87 75.10 58.05 57.60 54.51 
30% 10.88 9.76 9.07 9.03 8.91 
50% 4.11 3.68 3.58 3.58 3.56 
70% 2.11 1.95 1.93 1.93 1.93 
90% 1.32 1.21 1.21 1.21 1.21 
 
 
The value of    
  at damaged element is observed to be larger for higher 
severity. The ratio between    
  and     are assumed to be a constant     
  which 
is related to the damage severity.     
  is computed based on the numerical 
results for the first 5 modes at 5 severity levels and shown in Table A.2. 
 

































Table A.2       computed from numerical results 
     1st Mode 2nd Mode 3rd Mode 4th Mode 5th Mode 
10% 0.983 0.791 0.748 1.290 1.327 
30% 0.995 0.939 0.911 1.073 1.096 
50% 0.998 0.973 0.959 1.031 1.042 
70% 0.999 0.988 0.982 1.013 1.018 
90% 1.001 0.997 0.995 1.003 1.005 
 
Table A.3     computed from numerical results 
     1st Mode 2nd Mode 3rd Mode 4th Mode 5th Mode 
10% 0.991 0.902 0.968 1.383 1.263 
30% 0.998 0.972 0.982 1.098 1.077 
50% 0.999 0.988 0.991 1.042 1.034 
70% 1.000 0.995 0.996 1.018 1.015 
90% 1.000 0.999 0.999 1.005 1.004 
 
Table A.4          computed from numerical results 
     1st Mode 2nd Mode 3rd Mode 4th Mode 5th Mode 
10% 1.009 1.139 1.295 1.072 0.952 
30% 1.002 1.034 1.077 1.023 0.983 
50% 1.001 1.015 1.033 1.010 0.992 
70% 1.001 1.006 1.014 1.004 0.996 
90% 0.999 1.002 1.004 1.001 0.999 
 
A.3 Finite element model for damaged aluminium beam with added 
masses 
A clamped-free aluminium beam of 710mm long, 38mm wide and 1.26mm 
thick was adopted in the present study. The model was constructed using finite 
element analysis software Abaqus according to an experimental set-up (See 
Figure A.4). The beam was modeled by 72 2-D Euler-Bernoulli beam 
elements with Young’s modulus   of 70GPa and mass density   of 2700kg/m3. 
A total of 9 sensors are attached with locations shown in Table A.5. The 
length of each of 72 elements is tabulated in Table A.6. The added masses of 
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sensors are simulated by increased density of element at the sensor location 
according to the mass of the attached sensor. Two damage cases were modeled 
with damage at different location. Damage case 1 has damage located at an 
element with attached mass (element 53) while damage case 2 has damage 
located at an element without attached mass (element 57). 
Figure A.4 Schematic of the numerical model of the aluminium cantilever 
beam with attached mass 
Table A.5 Location and mass of attached sensors 
Sensor number 
Mass of sensor 
(g) 
Distance from fixed end (mm) Element number 
8 25.26 87.5 9 
7 11.46 175 18 
6 11.46 262.5 27 
R 11.46 306.25 31 
5 11.46 350 35 
4 11.46 437.5 44 
3 11.46 525 53 
2 11.46 612.5 62 
1 11.46 700 71 
 








1 2 3 4 5 6       R 7 
Attached mass 
number:8 
Damage case 1: 
Damage at Element 53 
Damage case 2: 
Damage at Element 57 
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Table A.6 Length of elements 
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